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ABSTRACT
Effect of Climate Change Induced Ocean Acidification and
Hypoxia on Larval Rockfish
by
Kristin Saksa
Master in Marine Science
California State University Monterey Bay, 2021
The California Current ecosystem is experiencing dramatic changes in ocean
chemistry resulting in ocean acidification (i.e., decreasing pH) and lower dissolved oxygen
[DO] levels. These changes are exacerbated by increases in upwelling intensity and the
shoaling of the oxygen minimum zone. Gopher rockfish (Sebastes carnatus) and blue
rockfish (Sebastes mystinus) are ecologically and economically valuable rockfish species,
whose habitat is becoming increasingly inundated with low pH and low DO water. To test
how ocean acidification and hypoxia may interact to influence the reproductive process in
rockfishes, I exposed gravid females of both species to four treatments throughout the
gestation period: 1) low pH (7.5); 2) low DO (DO 4.0 mg/L); 3) combined stressor (7.5 pH x
DO 4.0 mg/L); and 4) control (~8.0 pH x ~DO 8.0). Post-parturition, larvae from each brood
were seeded into each of the four treatments to evaluate survivorship, metabolism, and
hypoxia tolerance as a function of the prior maternal treatment conditions and the subsequent
larval treatment. I assessed the impact of maternal rockfish exposure to climate change
stressors on fecundity, percent deformity, and larval morphology. My research indicates that
Gopher rockfish larvae are resilient to low pH (pH 7.5) and low DO (DO 4.0mg/L) based on
both maternal and larval exposures to these stressors. Gopher rockfish may be adapted or
acclimatized to gestating in these conditions because their reproductive season overlaps with
Spring upwelling on the central California coast. Blue rockfish also exhibited resiliency;
larval survivorship, metabolic rate, hypoxia tolerance, and percent deformity were not
impacted by low pH, low DO or combined stressor. However, blue rockfish larval
morphology was impacted by gestating in the combined stressor treatment, resulting in a
reduction in larval eye size. Adult blue rockfish peak reproductive season is in winter and
they may not be as well adapted or acclimatized to gestating in upwelling conditions as
gopher rockfish. While both gopher rockfish and blue rockfish had predominantly successful
broods in 7.5 pH, 4.0 mg/L DO, and combined stressor (7.5 pH x 4.0 mg/L) treatments, it is
unknown how they will respond to more extreme low pH and low DO events that are
projected to become more common in the California Current coastal habitat as climate
change progresses.
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RATIONALE AND BACKGROUND
Global climate change is predicted to alter ocean chemistry in the California Current
Ecosystem, with deleterious effects on local marine life (Chan et al., 2008; Haigh et al., 2015).
Two potential threats to marine species in the California Current Ecosystem are ocean
acidification (decreases in pH), and low dissolved oxygen [DO] concentrations (Grantham et al.,
2004; Feely et al., 2008). Rockfish (Sebastidae) are an ecologically and economically important
family of teleost fish whose reproductive success may be negatively impacted by these stressors
associated with climate change. As many rockfish species are sedentary (Love et al., 2002,
Wilson et al., 2010), pregnant females and their larvae will be exposed to the intrusion of low
pH/low DO water as climate change progresses. Given predicted changes in ocean chemistry, it
is imperative to understand how ecologically and economically important fish will respond at
sensitive early life stages, to understand future population dynamics and stock sustainability.
The average pH of surface waters has decreased by 0.1 units since the industrial
revolution and is predicted to decrease by 0.4 units by 2100 (IPCC, 2014). The pH scale is
logarithmic, which means that a decrease of 0.4 units translates to a 150% increase in acidity
(IPCC, 2014). CO2 concentrations are the highest they have been for the last three million years
(IPCC, 2014). As CO2 increases in the atmosphere, it increases in the ocean and is transformed
into carbonic acid (H2CO3-) (IPCC, 2014). Ultimately this leads to an increase in bicarbonate and
H+ ions and a reduction in carbonate ions (IPCC, 2014). An increase in H+ ions causes the water
to become more acidic, while a decrease in carbonate reduces the water's buffering capacity
(IPCC, 2014). The pH is even lower in old, deep, ocean currents where the respiration of benthic
species has been adding CO2 to the water mass (Anderson et al, 1986). These low pH waters are
ultimately upwelled onto the coastal shelf which creates a more acidic environment in the
shallow nearshore habitat (Grantham et al., 2004; Feely et al., 2008; Booth et al. 2012).
Exposure to high CO2 during development can alter larval fish morphologically,
behaviorally, and physiologically (Frommel et al., 2011, Heuer & Grosell, 2014). Adult teleost
fishes regulate their extracellular pH by excreting CO2 across the respiratory surface of the gills
(Heuer & Grosell, 2014). However, when exposed to high CO2, excretion of CO2 cannot
maintain homeostasis, resulting in increases of pCO2 and HCO3- in the blood and in extracellular
fluids. This may result in changes in behavior, otolith growth, and osmoregulation (Heuer &
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Grosell, 2014). Larval fish rely on cutaneous gas exchange until their gills develop (Rombough,
1988), the timing of which varies from 0-8 days post hatch in Rainbow trout (Oncorhynchus.
mykiss) to 40 days post hatch in Ayu (Plecoglossus altivelis) (Rombough 2007) and is unknown
for Sebastes spp. Reliance on cutaneous gas exchange can limit larval capacity to acid-base
regulate and makes them sensitive to changes in ocean chemistry (Frommel et al., 2014).
When fish are not able to remove enough CO2 from their tissues, the resulting acidosis
can lead to morphological impairments in fish larvae (Heuer & Grosell, 2014). A study on
Atlantic cod larvae suggests that morphological impairment from CO2 exposure is a result of
energy misallocation; by increasing body growth rates, organ development was compromised
(Frommel et al., 2011). Baumann et al. (2011) reported an increase in deformities, reduction in
total length, and higher mortality rates in inland silverside larvae when embryos and larvae were
exposed to ~1000 ppm CO2 (a projection for earth’s atmosphere after the year 2100). Atlantic
herring larvae exposed to 0.183 kPa (a projection for global oceans expected by 2300) from
fertilization to 39 days post hatch, they experienced stunted growth and development and
damaged organ tissues (Frommel et al., 2014). While larval fish have mechanisms to prevent
hypercapnia, or elevated CO2 in the blood, these may have metabolic consequences (Frank and
Clemmesen, 2011). Because larvae rely on cutaneous gas exchange they must make cardiorespiratory and osmoregulatory adjustments to maintain acid-base balance. These adjustments to
maintain acid-base balance require ATP to sustain active ion pumps, which is associated with an
increase in standard metabolic rate (SMR) (Munday et al., 2009; Heuer & Grosell, 2014). This
body of work indicates that morphology, physiology, growth, and survivorship of larval fish can
be negatively affected by exposure to low pH.
In addition to dealing with ocean acidification, fishes must also cope with the
deoxygenation of our oceans. The Oxygen Minimum Zone (OMZ) is an oceanographic feature
where O2 concentrations are < 2.5 mg L-1. Recent studies indicate that the OMZ is shoaling
towards the surface in response to climate change, further reducing coastal DO levels (Bograd et
al., 2008; Chan et al., 2008). In addition, warmer atmospheric temperatures heat surface waters,
leading to stratification that prevents the mixing of oxygenated surface waters with deeper,
oxygen-poor water (Bograd et al., 2008). Upwelling naturally transports low oxygen waters onto
the coastal shelf; however, the source waters have decreased to near or below hypoxic levels in
some areas, leading to hypoxic waters intruding onto the coastal shelf (Grantham et al., 2004).
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Respiration by marine microbes can further reduce the already low oxygen content, as upwelled
water travels over the shelf towards shore (Grantham et al., 2004). Across the Oregon Shelf,
hypoxia (DO < 1.43 ml l-1) is a permanent feature of the OMZ (> 600 m), however in 2006
completely anoxic (0 mg L-1) waters were observed for the first time (Chan et al., 2008). This is
just one example of quickly depleting oxygen from primary nearshore habitat for many
important fishery species along the U.S. west coast.
Hypoxic events along the west coast have already increased in frequency, duration, and
spatial extent in inner shelf habitat (Grantham et al., 2004; Chan et al. 2008), resulting in low DO
waters infiltrating rockfish habitat. Hypoxic waters extend into more than half of the inner shelf
isobath off the coast of Oregon in the summertime, sometimes remaining on the shelf for several
months (Grantham et al., 2004). Surveys show that areas populated with diverse rockfish species
from 2000 to 2004 experienced a complete absence of fish in 2006 (Chan et al., 2008). Shallow
shelf demersal fish communities are severely affected by hypoxia and anoxia because, unlike
species living in the OMZ, shelf species do not possess adaptations to low oxygen conditions
(Chan et al., 2008). Depending on the extent and rate of development of hypoxia, more sedentary
species of rockfish will likely be exposed to low DO water, which may be problematic during the
reproductive period due to the intense oxygen demands of pregnant female rockfish and their
developing embryos (Hopkins et al., 1995).
Hypoxia alone can reduce the production of eggs and sperm in fishes, which reduces
fertilization, hatching success, and reproductive timing (Landry et al., 2007). Additionally,
hypoxia may negatively impact larval, juvenile, and adult fish survivorship (Breitburg, 1994;
Wu, 2009). Hypoxia altered expression of genes associated with cell proliferation and apoptosis
(the processes of cell growth and programmed cell death), which may explain the higher
percentage of malformations in fish larvae exposed to hypoxic conditions (Wu, 2009; Sanchez et
al., 2011). Many behavioral and physiological responses to hypoxia have also been observed
among different fishes. Behavioral responses include swimming away from the hypoxic zone,
reducing activity levels, and increased aquatic surface respiration (Domenici et al., 2007; Rogers
et al., 2016). Physiological responses to hypoxia include increased heart rate, ventilation rate,
blood hemoglobin (Hb) content, and Hb-O2 binding (Rogers et al., 2016). These physiological
responses enable fish to maintain stable oxygen uptake rates across a broad range of oxygen
levels (Rogers et al., 2016). Although many fishes can maintain their standard (or resting)
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metabolic rate (SMR) in hypoxic conditions (Fry 1971), the energetic costs of brooding requires
a significant uptick in SMR. Gestating female fishes may have to suppress allocation of energy
to reproduction to survive hypoxic conditions (Richards 2009).
When oxygen concentrations drop beyond Pcrit (i.e., the critical oxygen tension threshold,
which can reflect a switch from aerobic to anaerobic respiration), the oxygen uptake rate cannot
be maintained and it will decline linearly with a decrease in oxygen levels (Rogers et al., 2016).
Many fish species, including copper rockfish (Sebastes caurinus), undergo physiological
modifications that lower their Pcrit in low DO conditions (Fu et al., 2011, Rogers et al., 2016,
Mattiasen et al., 2020). Some fishes can acclimate by lowering their metabolic rates when
oxygen levels are below the species’ Pcrit (Richards 2009). Metabolic rate can be suppressed by
reducing membrane ion movement (Richards et al., 2007), protein synthesis (Lewis et al., 2007),
RNA transcription, urea synthesis, and gluconeogenesis (Richards 2009). Many fish that
experience low oxygen in the wild possess physiological adaptations, or possess the ability to
acclimatize, to low oxygen conditions (Fu et al., 2011, Rogers et al., 2016, Mattiasen et al.,
2020).
While fishes show both sensitivity and resiliency to OA and hypoxia independently, less
is known about the combined effect of these stressors. It is important to study the combined
stressors of OA and hypoxia because they occur in combination during upwelling events in
rockfish habitat on the California coastal shelf (Grantham et al., 2004; Feely et al., 2008; Booth
et al. 2012). Northerly winds drive the Ekman transport of surface waters offshore due to the
Coriolis effect (Jacox et al., 2012), drawing deep cold, low pH, low DO, and high nutrient water
up to the surface (Jacox et al., 2012). Climate change is altering the timing and intensity of
coastal upwelling, due in part to the effects of greenhouse gases on global temperatures, which
exacerbate the land-sea thermal gradient, resulting in more frequent and stronger northerly winds
(Snyder et al., 2003).
Although upwelling is a natural part of the central California system, upwelling events
are becoming more severe (Gruber 2012; Jacox et al., 2012). In the nearshore 10 km of the
Central California coast, the average pH has dropped from 8.03 ± 0.03 to 7.95 ± 0.04 and is
predicted to drop to 7.82 ± 0.04 by 2050 (Gruber et al. 2012; Jacox et al., 2012). Upwelling
events are currently bringing water that is more acidic and more hypoxic onto the coastal shelf
(Gruber 2011). Because OA and hypoxia often occur simultaneously during upwelling events
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(Booth et al., 2012), it is important to recreate these conditions in laboratory experiments when
simulating predicted changes in ocean chemistry (Gunderson et al., 2016).
In combination, stressors may have an additive interaction (i.e., the sum of the two
independent stressors), a synergistic interaction (i.e., more than the effect when the two
independent stressors are added together), or an antagonistic interaction (i.e., less than the effect
when the two independent stressors are added together). For example, hypoxia can result in
metabolic depression, which may prevent a fish from effectively dealing with the stress of ocean
acidification (Portner et al., 2005). One of the few studies on combined stressors in larval fish
revealed that the combined stressors of low pH and low DO had a synergistic negative effect on
larval inland silverside (Menidia beryllina), resulting in low survival. The effects of these
stressors are additive in Atlantic silversides (Menidia menidia), resulting in smaller larvae
(Depasquale et al., 2015). On the other hand, the combined stressors do not affect sheepshead
minnow (Cheilodactylus variegatus) larval survival (Depasquale et al., 2015). How combined
stressors impact fish reproduction and survival will vary depending on fish ecology and life
history traits.
Rockfishes (genus Sebastes) are ideal candidates for studies on the effects of OA and low
DO on reproduction because their habitat on the California Coastal Shelf is becoming
increasingly inundated with low pH, low DO water during spring upwelling months (Snyder et
al., 2003; Gruber, 2011; Gruber et al., 2012; Booth et al., 2012). Spring upwelling coincides with
the reproductive and recruitment season for many rockfish species (Love et al., 2002) and it is
currently unknown how these stressors will affect reproduction. Rockfishes reproduce through
internal fertilization and exhibit matrotrophic viviparity, a form of maternal care associated with
the transfer of energy and nutrients through specialized structures to the embryos, followed by
parturition (i.e., birth) of larvae (Love et al., 2002). The amount of energy transferred varies
drastically among rockfishes (Dygert & Gunderson, 1991). Copper rockfish larvae receive 11.5%
of their utilized energy from a matrotrophic source (Dygert & Gunderson, 1991). Black rockfish
larvae receive 69.2% of their energy requirement from a matrotrophic source (Dygert &
Gunderson, 1991). Older females supply more energy-rich triacylglycerol lipids, which
increases the volume of the larval oil globule, providing larvae a larger food source to rely on
before finding food (Berkeley et al., 2004). Older and larger female rockfishes also produce
more and higher quality larvae and release them earlier in the season (Sogard et al., 2008).
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Gestation takes approximately one month in most rockfish species and during this period
environmental conditions can dictate the health and condition of larvae at birth (Sogard et al.,
2008; McCormick 2006). For example, in the 1983 El Niño yellowtail rockfish (Sebastes
flavidus) exhibited impaired reproduction that corresponded to reduced fat deposits, likely from
decreased food availability (MacFarlane et al., 1993). A bioenergetics model developed by the
Northwest Fisheries Science Center showed that repeated exposure to El Niño conditions would
lower the growth, maturation rate, and reproductive level of blue rockfish (Sebastes mystinus)
(Harvey 2005). Maternal stressors can impact the physiological condition of the female, which
can influence the quality of offspring (McCormick 2006). For example, in yellowtail rockfish
oxygen demands increase by up to 101% once embryos hatch and larvae are still internally
incubated (Hopkins et al., 1995). It may be difficult for gestating rockfish with high oxygen
demands to meet metabolic requirements in hypoxic conditions with low oxygen availability.
The characteristics of larvae when they hatch influences how many survive the high
mortality larval phase (Bergenius et al., 2002; Vigliola and Meekan, 2002; McCormick 2006).
Female rockfish give birth to 15,000 - 2,700,000 larvae in a single parturition event, depending
on species and female size, however few of those larvae survive to adulthood (Pearson et al.,
1991; Love et al., 2002). The pelagic larval phase typically lasts one to two months (Stockhausen
et al., 2007), but can last anywhere from 2 weeks to 6 months, depending on the species (Love et
al., 2002). After this phase, the young of the year (YOY) recruit to the nearshore environment
such as kelp forests (Carr, 1990; Love et al., 2002). Successful reproduction depends on optimal
oceanographic conditions for pelagic larvae to survive (e.g., temperature, plankton availability,
and upwelling conditions) (Bjorkstedt et al., 2002; Love et al., 2002). Oceanic events, like El
Niño, during the pelagic larval phase are predominantly responsible for the success of
subsequent year classes (Ralston & Howard 1995; Field et al., 2021). Many marine fish
populations are sustained by the successful survival of larvae to the juvenile phase (Houde 1987;
McCormick 2006). The additional stressors of low pH and low DO that rockfishes on the coastal
shelf are increasingly exposed to may influence the number of larvae that survive past the larval
phase.
Life history traits such as gestation environment, timing of reproduction, length of
pelagic larval duration (PLD), larval environment, recruitment behavior, and recruitment
location vary among rockfish species (Love et al., 2002; Sivasundar et al., 2009). Exposure to a
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low pH and low DO varies with these life history differences. Continual exposure of some
rockfish species to upwelling during gestation may lead to adaptation or acclimatization to low
pH and low DO. Continual exposure of other rockfish species to upwelling during recruitment
may make those species better adapted or acclimatized to low pH and low DO. It is unknown
how the varied life history traits and varied exposure to low pH and low DO will impact
reproductive success in rockfishes in future upwelling conditions.
In this study, I compared the effects of low pH, low DO, and combined (low pH x low
DO) treatments on larval development, in two species of rockfish with differing life histories,
gopher rockfish (Sebastes carnatus) and blue rockfish (Sebastes mystinus). Gopher rockfish
parturition season peaks in March and recruitment to the kelp forest canopy occurs in June and
July (Echeverria 1987; Love et. al, 2002). The typical onset of upwelling season in Monterey
Bay is March-April (Bogard et al. 2008), which coincides with gopher rockfish peak parturition.
The continual exposure of gestating gopher rockfish to low pH and low DO may result in
adaptation or acclimatization to these conditions. Peak parturition for blue rockfish occurs in
December and January (Echeverria 1987; Laidig 2010; Love et. al, 2002), before upwelling
season typically begins (Bogard et al., 2008). However, blue rockfish larvae spend more time in
deeper waters (Lenarz et al., 1991) that are lower in DO and pH. Blue rockfish larvae
metamorphize into pelagic juveniles and remain offshore in the plankton for three to five months
before recruiting to the benthos of kelp forests (Love et. al, 2002; Laidig 2010). Blue rockfish
spend time in deeper water as both larvae and juveniles which may result in adaptation or
acclimatization to low pH and low DO conditions. It is unknown if exposure to low pH and low
DO during gestation or during the larval and juvenile phase will lead to greater reproductive
success.
I investigated how the differences in life history traits in blue rockfish and gopher
rockfish impact their response to low pH and low DO treatments. A previous study focusing on
the impacts of low pH on juvenile blue rockfish and copper rockfish concluded that copper
rockfish were more sensitive (Hamilton et al., 2017; Mattiasen et al., 2019). Similarly, a study
conducted on the combined effects of low pH and low DO on juvenile blue rockfish concluded
that this species was relatively resilient to the individual and combined stressors (Cline et al.
2020). I selected a closely related congener to copper rockfish, the gopher rockfish, that responds
similarly to OA and hypoxia during the juvenile stage (M. Palmisciano, unpublished data). It is

18
currently unknown whether both low pH and low DO will affect these species during
reproduction, embryo development, and the early larval phase. This study will be the first to
focus on embryo development and larval health in a viviparous fish in low pH, low DO, and
combined stressor environments. My thesis investigates the following questions. (1) What are the
independent and combined effects of low pH and low DO on larval morphology, survival, and
metabolic performance of blue rockfish (Sebastes mystinus) and gopher rockfish (Sebastes
carnatus)? (2) How does maternal exposure to low pH and low DO influence subsequent larval
condition? (3) How does larval exposure to low pH and low DO influence larval condition? (4)
How does the strength of response vary between species with different life history
characteristics? (5) How does maternal size influence larval condition and response to low pH
and low DO?

MATERIALS AND METHODS
Collections
I collected gravid female rockfish using hook and line fishing techniques from Monterey
Bay between Cypress Point and Carmel Beach (36°5 N, 121°9 W) (Figure 1). Collection fishing
trips commenced at the start of each species’ reproductive season, to ensure the collection of
female rockfish who have mated but not yet internally fertilized (i.e., stage 2 egg development).
Blue rockfish collections occurred between December 2017 and January 2018 and gopher
rockfish collections occurred between February and March in both 2017 and 2018. I targeted
rockfishes in shallow water (15-25 m depth) to reduce the effects of barotrauma. A portable
recompression chamber, operated by Monterey Bay Aquarium staff, was used to recompress any
fish afflicted with barotrauma (Figure 1E). Egg development was assessed onboard the fishing
vessel via catheterization, with the goal of collecting n=20 individuals at the appropriate
developmental stage (Figure 1C). Rockfish were placed in coolers with bubblers to ensure
sufficient oxygen throughout transportation (Figure 2A) to the NOAA Southwest Fisheries
Science Center (SWFSC) in Santa Cruz, a facility that has been used extensively for rockfish
reproduction studies (Figure 2B,C). Collections were made under California Department of Fish
and Wildlife (CADFW) permit # SC6477. Fish collections, husbandry, and experiments were
approved under San Jose State University Institutional Animal Care and Use Committee
(IACUC) protocol # 1007.
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Before the experiments began, fish were pit tagged, given a unique ID for tracking
throughout the experiments, then measured for fork length (mm) and weighed (g) (Table 1, 2).
Following parturition, fish were re-measured, re-weighed and dissected for tissue sampling. Dry
liver and muscle tissue (dehydrated for 5 days) were weighed (g) as indices of maternal
condition. Fin clips were collected and saved for potential genetic sequencing. Saggital otoliths
were removed to estimate the age of each fish using the break-and-burn method. Annuli (growth
bands in the otolith) were counted, and estimated ages were recorded for all gopher rockfish
(Table 1). Blue rockfish ages have not yet been estimated.
Experimental Design
To study the effect of OA and low DO on rockfish reproduction, I exposed adult female
rockfish (which brood larvae internally for 1 month before larval release) and subsequently their
larvae to simulated future ocean chemistry conditions (Figure 3). Adult rockfish were held in
one of four treatments, (1) Control (ambient pH = ~8.00 x ambient DO = ~9.00 mg/L), (2) low
pH (7.5 pH x ambient DO), (3) low DO (ambient pH x 4.0 mg/L DO), and (4) combined (7.5 pH
x 4.0 mg/L DO). I did not include a low DO treatment level < 2.0 mg/L, representing what is
often considered a conventional definition of environmental hypoxia (Vaquer-Sunyer and Duarte
2008), because multiple gestating rockfish died in 2.0 mg/L DO in preliminary experiments by
our lab group. I selected my treatments based on pH and DO levels observed in the Monterey
Bay during strong upwelling for short durations (Booth et al. 2012). These levels are projected
to become more common due to ocean acidification (Gruber et al., 2012), increase in upwelling
intensity (Sydeman et al., 2014) and shoaling of the OMZ (Bograd et al., 2008).
Seawater was obtained from an intake line located offshore from the NOAA Southwest
Fisheries Science Center (NOAA-SWFSC) in Santa Cruz, CA. The seawater was chilled and
dispensed to the four header tanks (150 gallons each) (Figure 2C). Each header tank fed two
adult tanks (150 gallons each) at 40 ml/sec. Oxygen levels were maintained at given setpoints
using an oxygen sensor in each tank that communicated with WitroxView (Loligo systems)
software. Witrox sends a signal that opens solenoid valves when DO levels get too high,
releasing nitrogen to strip oxygen from water in header tanks, reducing the DO to the desired set
point. pH levels were maintained using pH probes that communicate with CAPCtrl (Loligo
systems) software. When pH levels increase above the setpoint, CAPCtrl sends a signal to open
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solenoid valves, releasing CO2 into the header tank and lowering the pH to the desired set point.
Water samples were collected from each tank every two weeks and poisoned with mercuric
chloride allow for a precise measurement of pH and total alkalinity (TA). pH levels were
analyzed using a pH spectrophotometer and TA was analyzed using a Tiamo alkalinity titrator.
These two values were used to calculate the carbonate chemistry parameters, using the program
CO2SYS (Lewis and Wallace, 1998). pH and TA levels are in preparation by Melissa
Palmisciano (MLML graduate student).
Once the desired pH and DO set points were reached, two adult rockfish were added to
each tank, with two replicate adult tanks per treatment level (Figure 3). Adults were fed chopped
squid to satiation twice weekly, after which their tank was siphoned to remove excess squid and
cleaned of biofilms and waste products. I recorded pH, DO, and temperature measurements from
all header tanks and adult tanks once per day using a handheld HACH pH and DO meter to
ensure that the treatments remained within the desired range. The control tank was maintained at
8.02 ± 0.001pH, 8.83 ± 0.05 mg/L O2, and 11.93 ± 0.07 °C. The low pH tank was maintained at
7.45 ± 0.04 pH, 8.99 ± 0.04 mg/L O2, and 11.85 ± 0.08 °C. The low DO tank was maintained at
8.03 ± 0.01 pH, 3.95 ± 0.04 mg/L O2, and 11.90 ± 0.09 °C. The combined treatment tank was
maintained at 7.45 ± 0.01 pH, 4.01 ± 0.03 mg/L O2, and 11.75 ± 0.06 °C. Adults remained in
their treatment for the duration of embryological development, which was monitored bi-weekly
via catheterizations. This process entailed removing the adult rockfish from her tank and
inserting a catheter into the ovary via the vent to remove ~15-30 embryos. Embryos were
deposited in a petri dish and photographed under a microscope to determine and track
embryological development.
Every morning tanks were examined for any parturition events (Figure 4). Rockfish give
birth at night, releasing 15,000 to 2,000,000 larvae (Love et al, 2002). These larvae remained in
the adult tanks due to a fine mesh covering the outflow pipes. Upon parturition, larvae were
collected using a 1L beaker, counted and then dispensed into the four treatments (Control, low
pH (7.5), low DO (4.0 mg/L), and combined (low pH x low DO). For survival trials, larvae were
transferred into two 2-gallon buckets per treatment (200 larvae per bucket/400 larvae per
treatment) (Figure 2B & 3). For the metabolic study, larvae were transferred into one 5-gallon
bucket per treatment (2000 larvae/treatment) (Figures 2B & 3). For procedure details on
survivorship and metabolism, see upcoming sections. The flow rate was set to 5 ml/sec and
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monitored daily for fluctuations. Temperature, pH, and DO were maintained by incubating the
buckets in a water table in a flow-through system. The remaining larvae were preserved in 95%
EtOH to quantify total fecundity and the prevalence of larval deformities.
Fecundity
I calculated both the fecundity (# of larvae / adult) and weight-specific fecundity (# of
larvae / adult weight [g]) for each gopher rockfish. The fecundity measure is based on the annual
realized fecundity, or the total number of larvae released by one female in one reproductive
season (Marua et al., 2003). The preserved fecundity sample was split into four samples of 300500 larvae using a plankton splitter (Figure 5A). Fecundity samples were poured over a mesh
screen and rinsed with deionized water before pouring into the plankton splitter. I documented
the number of times the sample was divided to estimate the proportion of the brood the final
sample represents. I counted the total number of larvae in 2-3 samples per female using a
dissecting scope to calculate the fecundity for each female. Blue rockfish fecundities have not
been quantified.
Percent Deformity
To investigate the effect of low pH and low DO on larval rockfish deformity, I conducted
two types of quantifications: the live deformity quantification and the preserved deformity
quantification. The live deformity quantification took place on the day of parturition via the
inspection of 500-1000 live larvae. On a parturition day, 10 samples of 100 live larvae were
removed from the water column using a 1 L beaker attached to a 5’ PVC pipe. Using this method
enabled me to sample larvae throughout the water column of the tank. Dead larvae on the bottom
of the tank were not sampled in the live deformity quantification. I first examined larval
movement in a petri dish using a dissecting scope (Figure 6A) because deformed larvae often
have irregular swimming behavior. If irregular movement was observed, I analyzed that
individual under higher magnification for deformities, such as a spinal deformity that may lead
to swimming deficiencies. Then, larvae were anesthetized with tricaine methanosulfate (MS-222)
to prevent swimming. I inspected both sides of each larva, counting the frequency of the most
common deformities: eye, runt, enlarged body cavity, spine, and jaw (Figure 6). The live
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deformity metric is essential because spinal deformities are identifiable when the larvae are alive,
but it is impossible to identify spinal deformities in the ethanol preserved samples.
The preserved deformity metric is essential because the sample is more representative,
including dead or immobile larvae on the bottom of the tank. For the preserved deformity
quantification, I used the preserved fecundity sample that was split into four samples of 300-500
larvae using the plankton splitter. I used a dissecting microscope (Figure 5B) at Moss Landing
Marine Labs to quantify larval deformities in samples preserved in ethanol. I identified and
counted all deformities and all normal larvae to get the percent deformity and total fecundity for
each brood. I used 2-3 samples per brood, with 300-500 larvae/sample, inspecting a total of 6001000 larvae per brood. This metric was not completed on blue rockfish.
Morphometrics
Photographs of 15-20 larvae per brood were taken by David Stafford (UC Santa Cruz staff
research associate) on the parturition day and 5 days post-parturition. Only larvae lacking
observable deformities were measured for this analysis. Larvae were anesthetized with MS-222
in a petri dish and manipulated to lay laterally. All photographs have a scale bar stamp to
accurately calibrate lengths and were measured using Image J image processing program (Figure
7). Measurements were taken on larval depth (mm), surface area of the eye (mm2), surface area
of the oil globule (mm2), and notochord length (mm). Depth measurements started at the end of
the gut and terminated at the dorsal edge of the larvae. Notochord length (mm) was measured in
two segments: from tip of the snout to the slight curve in the notochord, and from that point
straight to the posterior tip of the notochord. Surface area of the eye was measured by taking a
major axis measurement (R1) and a minor axis measurement (R2) to divide the eye into four
equal parts. Surface area of the oil globule was measured in the same way. The following
formula was used to calculate surface area (SA) of eye and SA of oil globule:
Surface Area= p x R1 x R2
Survivorship
Survival trials were conducted to determine the effect of maternal exposure to low pH
and low DO and the effect of larval (post-parturition) exposure to low pH and low DO. Upon
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parturition, larvae were collected using a 1L beaker, counted and then dispensed into the four
treatments (Control, low pH (7.5), low DO [4.0 mg/L], and combined [7.5 pH x 4.0 mg/L])
(Figure 3). For each brood, larvae were transferred into the four treatments, with two 2-gallon
buckets per treatment (200 larvae per bucket, 400 larvae per treatment) (Figure 2B, Figure 3).
Larvae were not fed throughout the duration of this trial. Thus, the test evaluates starvation
resistance in larvae and their utilization of energetic reserves in the oil globule.
To assess larval survivorship, I used a plastic syringe to remove dead larvae once every
day until 50% mortality was reached in each tank. Death was confirmed by examining the dead
larvae under the dissecting scope to ensure they did not have a heartbeat. After the population in
the bucket reached 50% mortality (100 individuals), I counted the remaining larvae to ensure the
bucket was seeded with the proper number of larvae. Days to 50% mortality was compared
among treatments to test whether the pH and DO treatments affected larval rockfish
survivorship.
Metabolic physiology
I estimated mass-specific metabolic rate of larval rockfish on day 1 post-parturition and
day 5 post-parturition to test how larval metabolic rates responded to the maternal stressor
treatments and subsequent larval stressor treatments. For the day 5 measurements, larvae from
every female were placed into the four treatments, and oxygen consumption rate was measured
after 5 days of exposure to larval treatments as an indirect measurement of metabolic rate. The
effects of low pH and low DO on larval rockfish metabolism was determined using closedsystem microplate respirometer (PreSens software) to measure larval oxygen consumption rates.
The Sensor Dish Reader (SDR) is a 24-channel reader on top of which sits a glass sensor dish
with 24 wells that are sealed throughout the duration of the trial (Figure 8). The SDR detects
oxygen content via the oxygen sensor spot at the bottom of each well. The sensor dish was
placed in a circulating water bath, with the water temperature controlled by a water chiller, and
the temperature was held at 12 ± 0.5°C. For each brood, I calculated the oxygen consumption
rate for ~60 larvae, placing 3 larvae per well in 20 of the 24 wells. I recorded the change in
oxygen concentration every 15 seconds until wells reach 0% oxygen. Four wells were filled with
water and used as a control to measure background microbial respiration, which was
incorporated into subsequent analyses to refine the oxygen consumption estimates of the larvae.
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I weighed 5 larvae per species (in the Control treatment) to calculate an average larval
mass in incorporate into the standard metabolic rate (SMR) using the FishResp package in R.
SMR was calculated based on the average weight of a larva and the oxygen uptake rate (MO2).
All wells started between 70% - 100% DO saturation and decreased as the larvae consumed
oxygen. I calculated the SMR based on the MO2 at the beginning of the trial when DO saturation
is above 60% air saturation (% a.s.). This was to ensure I recorded an accurate MO2
measurement before the MO2 is affected by a reduction in DO. I removed wells that experienced
an increase in oxygen content or had high fluctuations in oxygen consumption rates at the
beginning of the trial. I calculated change in SMR by subtracting Day 1 SMR from Day 5 SMR.
When calculating the change in SMR, I only used Day 5 samples with the same maternal and
larval treatment.
I calculated Pcrit, the critical oxygen threshold, using the broken stick regression method
using the Respirometry package in R software (R Core Team 2021). The broken stick method
entails fitting 2 linear regressions to the MO2 curve, and the point where they intersect is the
point where larvae switch from aerobic to anaerobic respiration (Toms and Lesperance, 2003).
The metabolic rate is expected to be relatively constant until it reaches Pcrit, at which point it will
start to decrease with oxygen content (Chapman et al., 2002). I calculated change in change in
Pcrit by subtracting Day 1 Pcrit from Day 5 Pcrit. When calculating the change in Pcrit, I only used
Day 5 samples with the same maternal and larval treatment.
Data analysis
There were two premature gopher rockfish broods (Female ID: G80 and G100) that were
excluded from data analysis on morphometrics, survivorship, and respirometry. The smaller
body size and larger oil globule size of premature larvae might confound the effect of maternal
treatments on morphometrics, survivorship, metabolic rate. These premature broods were
included in data analysis for percent deformity and fecundity because those measures are not
likely impacted by prematurity. For blue rockfish, there was only one parturition in the 4.0 mg/L
DO treatment (Female ID: TB218) and it was removed from all data analyses due to lack of
replication. TB218 was still included in figures and descriptions.
I used R software (R Core Team 2021) in all my analyses. I performed a principle
component analysis (PCA) using Hmisc, ellipse, and factoextra packages. The PCA was used to
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examine correlations among the various morphometric measurements and to visualize
differences in these traits as a function of low pH, low DO, and combined stressors. I used
measurements of larval notochord length (mm), surface area of the eye (mm2), surface area of
the oil globule (mm2), and depth (mm) to determine PC1 axis score and PC2 axis score. PC1 axis
is the principle direction where samples show the most variation, and PC2 axis is the direction
where samples show the second most variation.
I used lme4 package in R to run linear mixed effects models (LMMs) and analyze the
effect of maternal treatment on fecundity, weight-specific fecundity, percent deformity (live),
percent deformity (preserved), larval morphology including PC1 and PC2, larval SMR, and
larval Pcrit. In all these analyses, individual larvae provide the response variables, maternal
treatment is the fixed effect, and female ID is the random effect to control for within brood
variability (e.g., lme(SMR ~ Treatment, random = ~1|Female.ID)). The LMMs were valuable
because I was able to use values from individual larvae as replicates. I assessed the residuals to
ensure data met the assumptions in all LMMs. LMM results include the marginal R2, providing
the variance explained by fixed effects, and conditional R2 providing the variance explained by
the entire model. For each LMM, I calculated the intraclass correlation coefficient (ICC) to
determine the variation that is attributable to the different adult rockfish (female ID). The ICC is
calculated by using following formula:
Standard deviation intercept2 /(Standard deviation intercept2 +Standard deviation residual2)
I also used LMMs to analyze the effect of both maternal treatment and larval treatment
on the following trials: Day 5 Pcrit and Day 5 SMR (Table 5). In these models maternal treatment
and larval treatment are the fixed effects and female ID is the random effect (e.g., lme(pcrit ~
Maternal.Treatment +Larval.Treatment, random = ~1|Female.ID)). This analysis enabled me to
test for an interaction between maternal treatment and larval treatment. However, if the
interaction was highly insignificant (p > 0.25) it was removed from the model.
I ran Analysis of Covariance (ANCOVAs) using the sjstats package in R. The
ANCOVAs enabled me to incorporate covariates, female size and age, into the model, which I
was unable to do in the LMMs because adding both female ID as a random effect and female
size as a continuous fixed effect confounds these factors. Therefore, I include both LMMs and
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ANCOVAs in most of my analyses. In my ANCOVAs, I assessed the effect of maternal size
(fork length [mm]) and maternal treatment on total fecundity, weight-specific fecundity, percent
deformity (live), percent deformity (preserved), larval survivorship, larval morphology, larval
SMR, and larval Pcrit. In all these ANCOVAs, maternal length is the continuous variable and
maternal treatment is the categorical variable. If the interaction term p-value > 0.25, I removed
the interaction term and re-ran the model without it. I also ran ANCOVAs to assess the effect of
maternal age (years) and maternal treatment on total fecundity, weight-specific fecundity,
percent deformity (live), percent deformity (deformed), larval survivorship, larval morphology,
larval SMR, and larval Pcrit. In all these ANCOVAs, maternal age is the continuous variable and
maternal treatment is the categorical variable. If the interaction term p-value was > 0.25, I
removed the interaction term and re-ran the model without it. I only included the results from
ANCOVAs using maternal age if maternal age was a better predictor than maternal length.
ANCOVA analyses are depicted in scatter plots figures. A solid trendline indicates a significant
relationship (p < 0.05), while the dashed trendline indicates a non-significant relationship (p >
0.05). Trendlines for individual treatments will only be present if the interaction between
maternal length or maternal age and treatment is significant (p < 0.05).
I ran a full factorial two-way analysis of variance (ANOVA) in R using the sjstats
package to compare differences in days to 50% mortality among treatments, using the factors of
maternal treatment, larval treatment, and the interaction between maternal and larval treatment. I
used the average days to 50% mortality from the two replicate buckets for each treatment. If the
interaction term p-value > 0.25, I removed the interaction term and re-ran the model without it.
I compared survivorship of larvae from the same maternal and larval treatment using a
one-way ANOVA. I also used a one-way ANOVA to compare the change in SMR from day 1 to
day 5 among treatments and to compare the change in Pcrit from day 1 to day 5 among
treatments. I was unable to use a LMM to compare the change in SMR and change in Pcrit among
treatments because I could not test the same larvae in the day 1 and day 5 trials.

RESULTS
GOPHER ROCKFISH

Fecundity
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Gopher rockfish fecundities ranged from 8,848 larvae to 144,630 larvae. There was no
significant effect of maternal treatment on gopher rockfish fecundity (Table 3; Figure 9A).
While treatment did not influence fecundity (ANCOVA, F3,11 = 0.73, p = 0.55), there was a
significant effect of the maternal rockfish size on fecundity after controlling for the effect of
treatment (ANCOVA, F1,11 = 10.70, p = 0.007). Larger females had higher fecundities (Figure
9B). Similar to the fecundity analysis, there was no significant effect of maternal treatment on
weight-specific fecundity (larvae g-1) (Table 3; Figure 9C). Maternal rockfish size did not affect
weight-specific fecundity after controlling for the effect of treatment (ANCOVA, F1,11 = 0.99, p
= 0.34; Figure 9D). Maternal treatment did not influence weight-specific fecundity (ANCOVA,
F3,11 = 0.66, p = 0.60).
Percent deformity
There was no significant effect of maternal treatment on gopher rockfish percent
deformity from preserved samples (Table 3; Figure 10A). The average percent deformity was
2.78% for the Control treatment, 5.67% for the low pH treatment, 13.33% for the low DO
treatment, and 12.90% for the combined treatment. While maternal treatment did not influence
percent deformity (ANCOVA, F3,13 = 1.08, p = 0.39), larger adult rockfish produced broods that
tended to have lower percent deformity (ANCOVA, F1,13 = 3.69, p = 0.08); Figure 10B), but
these results were marginally non-significant. Maternal size was a better predictor of percent
deformity than maternal age, therefore maternal age results are not included in percent deformity
results.
Like the preserved deformity quantification, there is no detectable effect of low pH and
low DO maternal treatment on live larval percent deformity (Table 3; Figure 10C). The live
deformity quantification did not detect the abnormally high deformity rates I saw in several
preserved samples (Female ID: G90, G97 and G105). For example, I found 40% deformity in the
G90 brood in the preserved sample whereas I only found 11% deformity in the live samples. I
found that the maternal rockfish size did not affect live percent deformity after controlling for the
effect of treatment (ANCOVA, F1,12 = 0.08, p = 0.80; Figure 10D). Maternal treatment did not
influence live percent deformity (ANCOVA, F3,12 = 0.32, p = 0.81). Again, maternal size was a
better predictor of percent deformity than maternal age, therefor maternal age results are not
included in this section.
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Morphometrics
I used a Principal Component Analysis (PCA) to analyze larval morphometrics for 200
larval gopher rockfish (Figure 11). PC axes 1 and 2 accounted for 64.27% cumulative variance
in the data, with negative values on PC axis 1 corresponding to larvae that are large in length,
eye size, and body depth and positive scores corresponding to larvae with larger oil globules.
Negative PC scores on axis 2 corresponded to larvae with slightly larger eyes, while positive
scores were associated with large oil globules and body depth. These shifts were subtle and in
multivariate space it is evident that morphology of larval gopher rockfish is similar among all
treatments. Maternal treatment did not impact PC1 or PC2 scores for larval gopher rockfish
(Table 4). Further analyses comparing effects of the pH and DO treatments on individual
morphometric trait values indicated there was no effect of maternal treatment on larval
morphology. There was no effect of the maternal treatments on larval notochord length, depth,
eye size or oil globule size (Table 4; Figure 12A-D). Although there were no significant
differences among treatments, all traits tended to be smaller in combined treatment larvae than in
larvae from all other treatments.
Maternal rockfish size also did not affect larval morphology after controlling for the
effect of treatment. Maternal rockfish size did not affect larval notochord length after controlling
for the effect of treatment (ANCOVA, F1,10 = 0.79, p = 0.40; Figure 13A). Maternal treatment
did not influence larval notochord length (ANCOVA, F3,10 = 0.66, p = 0.60). Maternal rockfish
size did not affect larval depth after controlling for the effect of treatment (ANCOVA, F1,10 =
0.18, p = 0.68; Figure 13B). Maternal treatment did not influence larval depth (ANCOVA,
F3,10 = 0.80, p = 0.68). Maternal rockfish size did not affect larval eye size after controlling for
the effect of treatment (ANCOVA, F1,10 = 3.37, p = 0.10); however, larger adult rockfish tended
to produce larvae with smaller eyes (Figure 13C). Maternal treatment did not influence larval
eye size (ANCOVA, F3,10 = 1.30, p = 0.32). Maternal rockfish size did not affect larval oil
globule size after controlling for the effect of treatment (ANCOVA, F1,10 = 2.63, p = 0.14;
Figure 13D); however, larger adult rockfish tended to produce larvae with larger oil globules.
Maternal treatment did not influence larval oil globule size (ANCOVA, F3,10 = 0.91, p = 0.47).
Maternal rockfish age did have a significant effect on larval morphology after controlling
for the effect of treatment. Maternal rockfish age affected larval notochord length after
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controlling for the effect of treatment, with older females producing larvae with longer
notochords (ANCOVA, F1,8 = 7.75, p = 0.04; Figure 14A). Maternal treatment did not influence
larval notochord length (ANCOVA, F3,5 = 2.57, p = 0.17) and the interaction was not significant
(ANCOVA, F3,5 = 2.79, p = 0.14). Maternal rockfish age did not affect larval depth after
controlling for the effect of treatment (ANCOVA, F1,5 = 4.59, p = 0.09); however, older females
tended to produce deeper bodied larvae (Figure 14B). Maternal treatment did not influence
larval depth (ANCOVA, F3,5 = 2.14, p = 0.21) and the interaction was not significant
(ANCOVA, F3,5 = 2.70, p = 0.16). Maternal rockfish age did not affect larval eye size after
controlling for the effect of treatment (ANCOVA, F1,5 = 2.97, p = 0.14); however, older adult
rockfish tended to produce larvae with bigger eyes (Figure 14C). Maternal treatment did not
influence larval eye size (ANCOVA, F3,5 = 0.86, p = 0.52) and the interaction was not significant
(ANCOVA, F3,5 = 1.97, p = 0.24). Maternal rockfish age did not affect larval oil globule size
after controlling for the effect of treatment (ANCOVA, F1,8 = 0.03, p = 0.87; Figure 14D).
Maternal treatment did not influence larval oil globule size (ANCOVA, F3,8 = 1.07, p = 0.41).
Maternal rockfish age was a better predictor of larval morphology than maternal rockfish length
in all traits except the oil globule. Maternal rockfish length was a better predictor of oil globule
size.
Survivorship
Gopher rockfish larval survivorship was not affected by the maternal treatments (2-way
ANOVA, F3,45 = 1.09, p = 0.36) or larval treatments (2-way ANOVA, F3,45 = 1.35, p = 0.27;
Figure 15A). Additional analyses, compared survivorship of larvae that were raised in the same
treatment they gestated in. Again, no effect of treatment on larval gopher rockfish survivorship
was detected (ANOVA, F3,13 = 0.78, p = 0.62). The average survivorship for gopher rockfish was
6 days, and was similar among all treatments, varying by less than 1 day to 50% mortality
(Figure 15B). Maternal rockfish size (fork length [mm]) did not affect larval survival after
controlling for the effect of treatment (ANCOVA, F1,11 = 0.09, p = 0.76; Figure 15C). Maternal
treatment did not influence larval survival (ANCOVA, F3,11 = 0.53, p = 0.67). Maternal rockfish
age (years) also did not affect larval survival after controlling for the effect of treatment;
however, older rockfish tended to produce larvae with increased survivorship (ANCOVA, F1,9 =
3.79, p = 0.08; Figure 15D). Larvae from the oldest rockfish (25 years) survived 40% longer
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compared to the larvae from the youngest rockfish (9 years). Maternal treatment did not
influence larval survival (ANCOVA, F3,9 = 0.47, p = 0.71). Maternal rockfish age was a better
predictor of larval survival than maternal rockfish length.
Metabolic rate
The standard metabolic rate (SMR) measurements were taken on day 1 and day 5 after
parturition. On day 1, there were no significant effects of maternal treatment or larval treatment
on SMR (Table 5; Figure 16A). On day 5 post-parturition, the SMR was more variable than on
day 1, ranging from 266.61 mgO2/kg/hr to 1092.15 mgO2/kg/hr. Day 5 larval SMR did not differ
based on larval or maternal treatment (Table 5; Figure 16B). Further analyses were completed
on larvae that had the same maternal and larval treatment to detect a change in SMR due to
overall treatment exposure. The SMR of gopher rockfish larvae decreased from day 1 to day 5 in
all treatments; however, there was no significant effect of larval treatment on the difference in
SMR between day 1 and day 5 (ANOVA, F3,12 = 0.52, p = 0.67; Figure 16C).
Maternal rockfish size did not affect day 1 SMR after controlling for the effect of
treatment (ANCOVA, F1,11 = 0.00, p = 0.96; Figure 17A). Maternal treatment did not influence
day 1 SMR (ANCOVA, F3,11 = 1.08, p = 0.40). The effects of adult rockfish size and maternal
treatment on larval SMR became more pronounced on day 5 post-parturition. On day 5 postparturition there was a marginally non-significant trend indicating that larger females produce
larvae with higher SMR (ANCOVA, F1,6 = 5.2, p = 0.06) and there was no effect of maternal
treatment on Day 5 SMR (ANCOVA, F3,6 = 0.40, p = 0.76). There was an interaction between
maternal treatment and maternal size showing that bigger adult rockfish in the Control treatment
produced larvae with higher SMRs, but that trend did not hold for low pH and low DO females
(ANCOVA, F3,6 = 9.02, p = 0.012; Figure 17B). On day 5, larval SMR in the combined
treatment also increased with maternal rockfish size, but not by as much as the Control group.
Maternal rockfish age also did not affect day 1 SMR after controlling for the effect of
treatment (ANCOVA, F1,9 = 3.82, p = 0.08); however, older females tended to produce larvae
with higher day 1 SMRs (Figure 17C). Maternal treatment did not influence day 1 SMR
(ANCOVA, F3,9 = 1.65, p = 0.25). Maternal age was a better predictor of day 1 SMR than
maternal length. Maternal rockfish age also did not affect day 5 SMR after controlling for the
effect of treatment (ANCOVA, F139 = 3.00, p = 0.16; Figure 17D). Maternal treatment did not
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influence day 5 SMR (ANCOVA, F3,4 = 1.22, p = 0.41) and the interaction was not significant
(ANCOVA, F3,4 = 2.69, p = 0.18). Maternal length was a better predictor of day 5 SMR than
maternal age.
Low oxygen tolerance
Larval hypoxia tolerance was assessed by quantifying changes in Pcrit associated with
maternal treatment, larval treatment, and female size. The average day 1 Pcrit for gopher rockfish
larvae was 16.77% a.s. in the Control treatment, 20.21% a.s. in the low pH treatment, 11.94 %
a.s. in the low DO treatment, and 13.84% a.s. in the combined treatment. There was no
significant effect of maternal treatment on day 1 Pcrit in gopher rockfish larvae (Table 5; Figure
15D). Larval Pcrit on Day 5 was not affected by larval treatment or the previous maternal
treatment (Table 5; Figure 15E). Analyses were completed on larvae that had the same maternal
and larval treatment to detect a change in Pcrit due to overall treatment exposure. I found that Pcrit
increased from day 1 to day 5 in larvae from all treatments, indicating reduced hypoxia tolerance
in older larvae (Figure 15F). There were no differences in the change in Pcrit from day 1 to day 5
among the different pH and DO treatments (ANOVA, F3,10 = 2.01, p = 0.18).
Bigger females produced larvae that are more hypoxia tolerant on day 1 post-parturition;
Pcrit was lower in larvae from bigger females (ANCOVA, F1,8 = 5.34, p = 0.05; Figure 18A).
Maternal treatment did not influence hypoxia tolerance on day 1 (ANCOVA, F3,8 = 2.10, p =
0.18). The interaction between maternal rockfish size and maternal treatment was included in
this model but was marginally non-significant (ANCOVA, F3,8 = 3.44, p = 0.07). The trend was
for hypoxia tolerance to increase in larvae from bigger females in the Control, low pH, and low
DO treatments while hypoxia tolerance decreased with increased size in the combined treatment.
By day 5 post-parturition, there was no longer any difference in hypoxia tolerance based on size
of the female (ANCOVA, F1,9 = 0.67, p = 0.43; Figure 18B). Maternal treatment did not
influence hypoxia tolerance on day 5 (ANCOVA, F3,9 = 0.08, p = 0.97).
Maternal rockfish age did not affect day 1 hypoxia tolerance after controlling for the
effect of treatment (ANCOVA, F1,9 = 0.13, p = 0.73; Figure 18C). Maternal treatment did not
influence day 1 hypoxia tolerance (ANCOVA, F3,9 = 1.12, p = 0.39). Maternal length was a
better predictor of day 1 hypoxia tolerance than maternal age. Maternal rockfish age did not
affect day 5 hypoxia tolerance after controlling for the effect of treatment (ANCOVA, F1,7 =
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0.11, p = 0.75; Figure 18D). Maternal treatment did not influence day 5 hypoxia tolerance
(ANCOVA, F3,7 = 0.09, p = 0.96). Neither maternal age nor maternal length were good
predictors of day 5 hypoxia tolerance.
BLUE ROCKFISH

Percent deformity
There was no effect of maternal treatment on percent deformity in live larval blue
rockfish samples (Table 3; Figure 19A). Like gopher rockfish, there was high variability in the
combined treatment which ranged from the highest deformity level (14.94%) to a relatively low
deformity level (2.32%). There was also no effect of blue rockfish maternal size on percent
deformity after controlling for the effect of treatment (ANCOVA, F1,3 = 1.14, p = 0.36).
Maternal treatment had no effect on percent deformity (ANCOVA, F2,3 = 0.07, p = 0.94; Figure
19B).
Morphometrics
I used a Principal Component Analysis (PCA) to analyze larval morphometrics for 100
larval blue rockfish. PC axes 1 and 2 accounted for 79.01% cumulative variance in the data, with
negative values on PC axis 1 corresponding to larvae that are large in length and eye size and
with positive scores corresponding to larvae with large oil globules. Negative PC scores on axis
2 correspond to larvae with deeper bodies. In multivariate space it is evident that larvae from low
DO and combined treatment trend toward smaller eyes, shorter notochords, and larger oil
globules (Figure 20). Low DO larvae have narrower bodies while combined treatment larvae
have slightly wider bodies. Larvae from Control and low pH treatments have smaller oil globules
and longer notochords, indicating more advanced development. Although there were shifts in
blue rockfish larval morphology, there were no effects of maternal treatment on larval
morphology when measured as PC1 or PC2 scores (Table 4; Figure 20).
Single factor trait analysis was performed as an alternative metric to measure changes in
larval morphology. There was no effect of maternal treatment on larval notochord length in blue
rockfish (Table 4); however, larvae from low oxygen treatments tended to have shorter
notochords (Figure 21A). There was no effect of maternal treatments on larval depth (Table 4)
although combined treatment larvae tended to be deeper bodied. The low DO larvae were the

33
narrowest on average but were not included in statistics analysis (Figure 21B). Larval eye size
was affected by maternal treatments (Table 4), with larvae in the combined treatment having
smaller eyes than Control (p < 0.0001) and low pH (p = 0.0006) (Table 4). The low DO larvae
had the smallest average eye size but were not included in statistics (Figure 21C). There was no
effect of maternal treatment on blue rockfish larval oil globule size (Table 4; Figure 21D). The
oil globule size was variable within one brood and highly variable among females, making it
much more difficult to detect treatment effects.
Maternal rockfish size did not affect larval morphology. Maternal rockfish size did not
affect larval notochord length after controlling for the effect of treatment (ANCOVA, F1,3 =
0.0006, p = 0.98; Figure 22A). Maternal treatment did not influence larval notochord length
(ANCOVA, F3,3 = 3.20, p = 0.18). Maternal rockfish size did not affect larval depth after
controlling for the effect of treatment (ANCOVA, F1,3 = 5.79, p = 0.10); however, larvae from
older adult rockfish tended to be deeper bodied (Figure 22B). Maternal treatment did not affect
larval depth (ANCOVA, F2,3 = 6.56, p = 0.08); however, larvae from the combined treatment
tended to be deeper bodied. Maternal rockfish size did not affect larval eye size after controlling
for the effect of treatment (ANCOVA, F1,3 = 0.11, p = 0.76; Figure 22C). Maternal treatment did
not affect eye size (ANCOVA, F2,3 = 6.96, p = 0.07); however, larvae from the combined
treatment tended to have the smallest eyes. Maternal rockfish size did not affect larval oil globule
size after controlling for the effect of treatment (ANCOVA, F1,3 = 6.31, p = 0.09; Figure 22D);
however, larger adult rockfish tended to produce larvae with larger oil globules. Maternal
treatment did not influence larval oil globule size (ANCOVA, F2,3 = 0.33, p = 0.73).
Survival
I found that blue rockfish larval survival was not affected by maternal treatment (2-way
ANOVA, F2,19 = 1.18, p = 0.33) or subsequent larval treatment (2-way ANOVA, F3,19 = 0.83, p =
0.49) (Figure 23A). The highest mortality rates occurred in TB220 larvae that experienced the
combined maternal treatment and the combined larval treatments (3.5 days to 50% mortality).
However, the combined treatment also exhibited the highest variability between broods in larval
survivorship. An additional analysis compared survivorship in larvae that were raised in the same
treatment they gestated in. There was no effect of maternal and larval treatment on larval blue
rockfish survivorship (ANOVA, F2,4 = 0.23, p = 0.80). The average survivorship (days to 50%
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mortality) differed by just under 5 days among treatments (Figure 23B). Maternal rockfish size
did not affect larval survival after controlling for the effect of treatment (ANCOVA, F1,3 = 0.009,
p = 0.93; Figure 23C). Maternal treatment did not influence larval survival (ANCOVA, F2,3 =
0.17, p = 0.85).
Metabolic rate
Standard metabolic rate (SMR) measurements were taken on blue rockfish larvae on day
1 and day 5 after parturition. On day 1, the SMR of blue rockfish larvae ranged from 391.3 to
604.3 mgO2/kg/hr and there is no effect of maternal treatment on larval SMR (Table 5; Figure
24A). Larval blue rockfish SMR measurements on day 5 were more variable than day 1, ranging
from 352.8 mgO2/kg/hr to 716.3 mgO2/kg/hr. There is no effect of maternal treatment or larval
treatment on day 5 SMR (Table 5; Figure 24B). Analyses were completed on larvae that had the
same maternal and larval treatment to detect a change in SMR due to overall treatment exposure.
I found no effect of treatment on the change in SMR from day 1 to day 5 (ANOVA, F1,2 = 0.93, p
= 0.48). Average SMR was lower by day 5 post parturition in Control and low pH, but SMR
increased in the combined stressor treatment (Figure 24C).
Maternal rockfish size did not affect day 1 SMR after controlling for the effect of
treatment (ANCOVA, F1,3 = 0.33, p = 0.60). Maternal treatment did not influence day 1 SMR
(ANCOVA, F2,3 = 1.71, p = 0.32; Figure 25A). Maternal rockfish size did not affect day 5 SMR
after controlling for the effect of treatment (ANCOVA, F1,2 = 0.30, p = 0.64). Maternal treatment
did not influence day 5 SMR (ANCOVA, F2,2 = 0.40, p = 0.71; Figure 25B).
Low oxygen tolerance
Hypoxia tolerance (Pcrit) measurements also took place on day 1 and day 5 after
parturition. On day 1, average larval Pcrit ranged from 11.80% a.s. in the combined treatment to
21.42 % a.s in the Control treatment. Blue rockfish Pcrit was not significantly affected by
maternal treatment (Table 5), however larvae from adult rockfish that gestated in the combined
treatment tended to be more hypoxia tolerant (Figure 24D). The combined treatment
experienced a 45% increase in average hypoxia tolerance compared to the control treatment. On
day 5, Pcrit was more variable than day 1, ranging from 14.89% a.s. to 28.09% a.s. Day 5 Pcrit was
not affected by maternal treatment or larval treatment (Table 5; Figure 24E). There was also no
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effect of the pH and DO treatments on the change in Pcrit from day 1 to Day 5 (ANOVA, F2,3 =
0.78, p = 0.53). Average Pcrit increased slightly in blue rockfish larvae from day 1 to day 5 in all
treatments, indicating that older larvae were in general less tolerant of hypoxic conditions
(Figure 24F). This trend did not hold for all broods, with larvae from several broods becoming
slightly more hypoxia tolerant by day 5.
There was no effect of maternal size on day 1 hypoxia tolerance after controlling for
treatment (ANCOVA, F1,3 = 1.93, p = 0.26). Maternal treatment did not affect hypoxia tolerance
on day 1 (ANCOVA, F2,3 = 3.94, p = 0.14; Figure 25C). There was no effect of maternal size on
day 5 hypoxia tolerance after controlling for the effect of treatment (ANCOVA, F1,2 = 0.14, p =
0.74). Maternal treatment had a marginally non-significant effect on day 5 hypoxia tolerance
(ANCOVA, F2,2 = 10.96, p = 0.08), with a trend for increased hypoxia tolerance in low pH
treatments (Figure 25D).

DISCUSSION
Gopher rockfish were resilient to the stressors associated with climate change but showed
subtle sensitivities with maternal exposure to low oxygen. Gopher rockfish larvae showed no
sensitivity to direct exposure to low pH and low DO, a notable result considering that the larval
stage is widely considered to be a sensitive life stage. A study in the Monterey Bay reported that
dissolved oxygen content can be below 4.6 mg/L for almost 15% of the year (Booth et al., 2012).
During the spring upwelling season, pH and DO dip down below 2 mg/L and 7.5 pH for an
average of 1.5 hrs/day (and up to 3.3 hrs./day) at 17 m depth (Booth et al., 2012). Gopher
rockfish have a common depth range of 12-37 m (Love et al., 2002), which is well within the
upwelling depth on the coastal California shelf. The typical upwelling season in Monterey Bay is
March-April (Bogard et al., 2008), which coincides with gopher rockfish peak parturition in
March. Gopher rockfish have likely been exposed to 7.5 pH and 4.0 mg/L DO during their
reproductive season and have had time to adapt or acclimatize to their environment.
Blue rockfish maternal exposure to climate change stressors resulted in morphologically
impaired larvae, indicating more sensitivity to gestation in low oxygen conditions than gopher
rockfish. However, blue rockfish larvae were resilient to direct larval exposure to low pH and
low DO in all experiments. Blue rockfish peak parturition is January-February, before peak
upwelling, and therefore may be less adapted or acclimatized than gopher rockfish to gestating in
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low pH and low DO conditions (Echeverria 1987; Laidig 2010; Love et. al, 2002). Additionally,
the common depth range of adult blue rockfish (5 - 25 m [Love et al., 2002]) overlaps with
upwelling depths, but because their depth range extends into shallower waters they likely have a
refuge from low pH and low DO water. In my experiment, female rockfish went through the
entire course of embryological development in low pH, low DO, or combined treatments, which
are not likely currently experienced in Monterey Bay. However, the predicted progression of
ocean acidification (Gruber et al., 2012) and predicted prolonged upwelling season at Northern
latitudes in the nearshore California Current System (Snyder et al., 2003) will likely cause
upwelling season to have a greater overlap with blue rockfish reproductive season in the future.
Fecundity
Gopher rockfish fecundity was not affected by climate change stressors. This contrasts
with studies on zebrafish (Dania rerio) and gulf killifish (Fundulus grandis) that showed
hypoxia exposure reduced fecundity (Landry et al., 2007; Ho & Burggren 2015). The killifish
were exposed to 1.34 mg/L DO (Landry et al., 2007), a much more severe hypoxia treatment
than the 4.0 mg/L used in this study, which may explain the higher impact on fecundity.
However, the zebrafish were exposed to 13.1 kPa O2 (converts to ~5.1 mg/L DO) (Ho &
Burggren 2015), which is a higher oxygen content than I used in this study, and yet zebrafish
fecundity was impacted. Hypoxia exposure is known to cause the “masculinization of the ovary”
and ultimately sex-ratios that favor males in zebrafish (Shang et al., 2006), which makes them
more sensitive to changes in oxygen than other species including rockfishes.
Although gopher rockfish fecundity was not significantly impacted by low oxygen, two
females released premature broods in the low oxygen treatments, which is a similar result to
common whitefish (Coregonus lavaretus), where exposure to hypoxia resulted in precocious
hatching (Czerkies et al., 2002). With low oxygen availability in hypoxic conditions and high
oxygen demands during late gestation (Hopkins et al., 1995), female fishes may have to release
larvae prematurely to survive (Czerkies et al., 2002). Additionally, in our preliminary study on
brown rockfish (Sebastes auriculatus), two gestating females died in the 2.0 mg/L DO treatment,
which is why we chose a higher oxygen level for this experiment. Morphological differences in
the premature gopher rockfish broods included smaller eyes, narrower bodies, shorter
notochords, larger oil globules and larger yolks, all expected traits for the stage of development.
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These premature broods were excluded from survival, respirometry, and morphology trials to
prevent influence of developmental stage on the results.
Ocean acidification (pH = ~7.50) did not affect gopher rockfish fecundity in this study.
This contrasts with three-spined stickleback (Gasterosteus aculeatus), which experienced an
increase in fecundity with exposure to ocean acidification (pH = ~7.65; Schade et al., 2014). The
three-spine stickleback is found in a wide range of habitats and known to tolerate fluctuating
water chemistry (Schade et al., 2014). The three-spined stickleback appears to be better adapted
to low pH than gopher rockfish and appears to benefit from low pH while gopher rockfish just
tolerate it. While low oxygen and low pH did not impact gopher rockfish fecundity, size of
maternal rockfish did. Smaller females gave birth to smaller broods; a trend observed in many
rockfishes (Bobko & Berkeley 2003; Sogard et al., 2008). Weight-specific fecundity was not
impacted by adult size, a similar result to a previous study on gopher rockfish (Sogard et al.,
2008). Future research should include a wider size range of adult rockfish to analyze a dataset
that is more representative of the gopher rockfish population. This can enable a more complete
understanding of how maternal gopher rockfish size affects weight-specific fecundity.
Deformity
Gopher rockfish and blue rockfish percent deformity were not affected by climate change
stressors. Low sample size and high variability among broods made it difficult to detect trends.
For example, in the preserved quantification, Female ID: G80 produced a brood with only 1.65%
deformity in the combined treatment while G90 produced a brood with 40.5% deformity in the
combined treatment and G105 produced a brood with 36.4% deformity in the low DO treatment.
This interindividual variation may be beneficial to the whole population under climate change
stress by providing variation on which selection can act. Preserved deformity quantification was
not completed for blue rockfish, but live deformity quantification indicated no sensitivity to
climate change stressors. Findings from my study contrast with a study on zebrafish embryos
that showed exposure to sublethal hypoxia (0.8 mg/L DO) resulted in significantly more
malformations (77.4 %) (Shang & Wu 2004). The 0.8 mg/L DO used in the zebrafish study
(Shang & Wu 2004) was considerably lower than the 4.0 mg/L DO used in this study and may
explain the difference in results. I expect that exposing gestating rockfish to hypoxia (< 2.0
mg/L) would lead to significant increases in percent deformity.
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Percent deformity was not impacted by low pH in either species, a finding in contrast to a
study on inland silversides where low pH (CO2 = 960, pH = ~ 7.80) resulted in an increase in
percent deformity (Baumann et al., 2011). In my study, rockfishes were exposed to 7.5 pH,
which is three times more acidic than the inland silversides treatment, yet rockfish larvae were
more resilient than silverside larvae. Inland silversides are native to the North American Atlantic
coast (Baumann et al., 2011) whereas blue rockfish and gopher rockfish are native to the North
American Pacific coast, which is much more prone to upwelling of low pH and low DO water
(Bakun 1973). Additionally, adult gopher rockfish are a benthic species and adult blue rockfish
tend to school just above the benthos (Love et al., 2002), which is generally lower in pH and DO
than surface waters where Inland silversides reside (Baumann et al., 2011). Gopher rockfish and
blue rockfish are likely more tolerant to low pH than the silversides because they have had
considerably higher exposure. Additionally, in contrast to other studies where embryos were
directly exposed to low pH (Baumann et al., 2011) and low DO (Shang & Wu 2004) treatments,
I exposed adult fishes, with embryos developing inside them, to low pH and low DO treatments.
In general, fish can regulate their internal chemistry within an optimal range (Ishimatsu 2004;
Schade et al., 2014), which means that although adult rockfish were exposed to low pH and low
DO stressors, their embryos may still be developing in less extreme conditions. Adult rockfishes
may provide their embryos a buffer to the changes in ocean chemistry associated with climate
change, but more research is needed to confirm this theory.
In this study, there was a marginally non-significant trend that showed higher percent
deformity in smaller gopher rockfish. Sogard et al. (2008) reported that larvae from smaller blue
rockfish and larvae from younger gopher rockfish have smaller lipid stores, and thus less
nutritional provisioning. In my study, larvae from smaller blue rockfish and gopher rockfish
tended to have smaller oil globules, but the results were marginally non-significant. Rockfish
larvae from smaller maternal adults may experience higher deformity rates due to insufficient
nutritional provisions, a result documented in many other embryonic and larval fishes (Lall &
Lewis-McCrea, 2007). While two small (< 260 mm) gopher rockfish struggled to successfully
develop broods in low oxygen conditions (percent deformity > 35%), two other small rockfish in
low oxygen treatments successfully produced broods with low percent deformity (< 6%). Future
research should include a higher sample size of both smaller and larger adult rockfish to
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understand how a wider range of adult sizes influences percent deformity in climate change
stressors.
Morphology
Gopher rockfish larvae were 16% longer on average than blue rockfish larvae, but blue
rockfish oil globules were 345% bigger than those of gopher larvae. These results are consistent
with Fisher et al. (2007), who documented a similar trade-off between energy reserves and body
size in blue rockfish and gopher rockfish. As blue rockfish release larvae in winter months, with
relatively low primary production and food availability (Pennington & Chavez 2000), it is
advantageous to have larger oil globules to resist starvation long enough to find food (Fisher et
al., 2007). On the central California coast, spring upwelling dramatically increases nutrient input
and both primary and secondary productivity (Roesler 1987). Rockfish larvae released in spring
parturitions have more abundant zooplankton to feed on, and more predators to evade (Fisher et
al., 2007). For gopher rockfish larvae that are born in Spring, when food shortage is less of a
threat, it is more advantageous to be larger in size, which improves predator evasion capabilities
and ultimately enhances growth (Fisher et al., 2007).
Gopher rockfish larval morphology was not impacted by low pH (7.5), low DO (4.0
mg/l) or the combined (7.5 pH x 4.0 mg/L DO) treatments whereas blue rockfish larval
morphology was impacted by the combined treatment. Blue rockfish, with a peak parturition
before upwelling season, are likely not as well adapted or acclimatized as gopher rockfish to
gestating in low oxygen conditions. Blue rockfish in the combined treatment gave birth to larvae
with smaller eyes. The only blue rockfish that gave birth in the low DO treatment (Female ID:
TB218) was not included in statistics; however, larvae in this treatment on average had the
shortest notochords, smallest eyes, and narrowest bodies. Embryonic rockfish eyes, depth and
notochord grow throughout the course of embryonic development (Moser 1967), so larvae with
smaller eyes, depth, and length at parturition represent stunted development. My study showed
similar results to other studies on zebrafish that show hypoxia (1.66 – 2.0 mg/L) can result in
both delayed development of the eye (Schmidt & Stark, 2010) and reduction in eye size (Cypher
et al., 2018). In hypoxic conditions, gestating female fishes can suppress allocation of energy to
reproduction and reduce their metabolic rates to enhance hypoxia tolerance and survival
(Richards 2009). The underdeveloped blue rockfish larvae may be a result of maternal
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suppression of energy allocation towards reproduction during gestation. Many fish can maintain
their baseline metabolic demands in hypoxic conditions; however, some species of rockfish
increase metabolic demands by up to 101% during late gestation (Hopkins et al., 1995). These
demands may prevent the allocation of energy to reproduction needed to produce fully develop
embryos.
While blue rockfish larval morphology was impacted by the combined treatment, neither
blue rockfish nor gopher rockfish larval morphology was impacted by 7.5 pH alone. This
contrasts with inland silverside (Menida beryllina) larvae that had shorter notochord lengths in
low pH (7.85) conditions (Baumann et al., 2011; Baumann et al., 2012). Another study also
showed that exposure to acidic conditions (7.45 pH) reduced larval Atlantic herring (Clupea
harengus) notochord lengths (Frommel et al., 2014). The inland silverside and Atlantic herring
embryos were directly exposed to low pH during development (Baumann et al., 2011; Frommel
et al., 2014) while the gopher rockfish and blue rockfish adults were exposed to low pH during
embryonic development. My morphometric analysis was completed on day 1 post-parturition
and is based on adult exposure to environmental stressors. As adult teleost fishes with ion
regulating capabilities (Huer & Grossel 2014), gestating female rockfish may be able to maintain
homeostasis in 7.5 pH, and provide ambient pH conditions for their developing embryos. It is
unknown how direct larval exposure to low pH affects larval rockfish morphology.
I found no significant effects of maternal rockfish size on larval morphometrics in blue
rockfish or gopher rockfish. The size range of maternal rockfish in this experiment was narrow,
with fork length varying by < 50 mm for both species. Even within the narrow size range, there
were marginally non-significant trends (p = 0.09) for larger blue rockfish to produce larvae with
larger oil globules. Sogard et al. (2008) conducted research on a wider range of sizes and found
that larger blue rockfish released larvae with significantly larger oil globules. Larger oil globules
enable larval fish to resist starvation for longer, increasing chances of encountering unpredictable
patches of zooplankton (Hunter 1981; Berkeley et al., 2004; Sogard et al., 2008). Larger blue
rockfish give their larvae an advantage by provisioning them with increased lipid stores to
survive winter months with less abundant zooplankton.
Older gopher rockfish gave birth to larvae with significantly longer notochords.
Interestingly, another study on gopher rockfish found the opposite; maternal age had no effect on
notochord length but was positively associated with larger oil globules (Sogard et al., 2008). In
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this study, older maternal gopher rockfish invested more in larval oil globule stores while in my
study, older gopher rockfish invested more in larval size. In my study, gopher rockfish were
collected from 2017 to 2018 whereas in Sogard et al. (2008), gopher rockfish were collected
from 2003 to 2007. Different oceanic conditions and prey availability during these different
collection periods may have influenced maternal provisioning strategies. In both studies, older
gopher rockfish release larvae that are better equipped to survive through the high mortality
larval phase.
Survivorship
Neither blue rockfish nor gopher rockfish larval survivorship was affected by low pH,
low DO, or combined maternal or larval treatments. Due to the overlap of gopher rockfish
parturition season and upwelling on the Central California coast, gopher rockfish have likely
adapted or acclimatized to produce larvae that survive in these conditions. Blue rockfish gestate
before peak upwelling season, but their larvae and juveniles spend time in deeper water, with
lower pH and lower DO, than gopher rockfish larvae and juveniles (Laidig 2012; Love et al.,
2002; Lenarz et al., 1991). Although blue rockfish are not likely adapted to gestating in
upwelling conditions, their larvae are likely adapted to surviving in low pH and low DO
conditions.
Both blue rockfish and gopher rockfish larvae responded similarly to the sheepshead
minnow (Cyprinodon variegatus); a species whose survivorship was unaffected by low pH (7.4),
low DO (~2.4 mg/L), or combined (7.4 pH x 2.4 mg/L) treatments (Depasquale et al., 2015). The
sheepshead minnow, who spawns in the shallow pools of estuaries (Able & Fahay 1998) with
lower levels of pH and DO compared to open estuary waters (Wallace et al., 2014), is known be
tolerant of widely varied water conditions (Able & Fahay 1998). While rockfish and sheepshead
minnows responded similarly, the DO levels in my experiment (4.0 mg/L) are higher than the
levels in Depasquale et al. (2015) and it is unknown if larval rockfish survival would be resilient
to 2.4 mg/L DO. Small changes in oxygen can have significant effects on larval fishes. For
example, inland silverside (Menidia beryllina) survivorship was not affected by 2.4 mg/L DO;
however, their survivorship was reduced in 1.6 mg/L DO (Depasquale et al., 2015). Blue and
gopher rockfish may not fare as well in more extreme hypoxia, which is projected to inundate
their coastal nearshore habitat as climate change progresses (Snyder et al., 2003).
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Both blue rockfish larvae and gopher rockfish larvae are more resilient to low pH (7.5
pH) than inland silversides, which were reported to experience higher mortality rates in low pH
conditions (~7.72 - 7.85 pH [Baumann et al., 2011], 7.4 pH [Depasquale et al., 2015]). Blue
rockfish and gopher rockfish larvae were also more resilient to combined stressors (7.5 pH x 4.0
mg/L DO) than Atlantic silversides were to combined stressors (7.4 pH x 2.4 mg/L DO). The
combined stressors had a synergistic negative impact on Atlantic silverside survivorship,
reducing it by ~ 80% (Depasquale et al., 2015). In all these experiments, embryos were directly
exposed to changes in water chemistry (Baumann et al., 2011; Depasquale et al., 2015).
Interestingly, Baumann et al. (2011) also ran experiments on inland silverside eggs that
developed in control conditions pre-hatching and were ‘switched’ to low pH post-hatching.
Inland silverside larval survival in this ‘switch’ group was not impacted, highlighting the
importance of pre-hatching conditions for successful embryonic development. It is possible that
rockfish larval survivorship is not impacted because adult rockfish can regulate their internal
chemistry and provide ‘control’ conditions for the developing embryos. While inland silversides
eggs require ‘control’ conditions to successfully develop (Baumann et al., 2011), rockfish eggs
can successfully internally develop in low pH external conditions. The internal chemistry of
gestating rockfish remains unknown, and more research is needed to understand their buffering
capacity. After rockfish larvae are born, and after inland silversides hatch, they are both resilient
to direct exposure to low pH conditions (Bauman et al., 2011).
Maternal rockfish size did not influence larval survivorship for blue rockfish or gopher
rockfish. However, there was a marginally non-significant (p = 0.08) trend for larvae from older
gopher rockfish females to live longer than larvae from younger females. Like black rockfish
(Sebastes melanops), gopher rockfish maternal age was a better predictor of larval survival than
maternal length. Black rockfish larvae from the oldest adults survived twice as long as larvae
from the youngest adult rockfish (Berkeley et al., 2004). These trends were more significant than
trends in my study on gopher rockfish. However, the youngest gopher rockfish in my study was
9 years old while the youngest black rockfish was only 5 years old (Berkeley et al., 2004). Future
studies should include younger mature adults to elucidate the effect of age on gopher rockfish
larval survival.
Understanding how the size and age of adult rockfish impacts larval survivorship is both
ecologically relevant and important for making management decisions. In the wild, larvae that
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can survive longer periods without feeding have increased potential to find food sources before
starvation. Older females, which release larvae with increased chances of survival, are
imperative to a successful recruitment and ultimately to rockfish population resiliency (Berkeley
et al., 2004; Sogard et al., 2008). Contributions of older female rockfish can have a stabilizing
effect on rockfish populations, and it is imperative to retain them due to their disproportionate
contributions to the greater population (Sogard et al., 2008).
Metabolic rate
Neither blue rockfish nor gopher rockfish larval metabolic rate was significantly
impacted by maternal or larval climate change stressors. Neither blue rockfish nor gopher
rockfish experienced significant metabolic depression in low oxygen (4.0 mg/L), unlike many
other fishes (Richards 2009). However, the DO levels were < 1.0 mg/L in all studies included in
the Richards (2009) review paper; it is unknown how larval rockfish would respond to such
extreme hypoxia. Gopher rockfish and blue rockfish larval metabolic rates were not affected by
the low pH maternal or larval treatment; a finding in contrast to a study by Munday et al. (2009)
in which exposure to 7.8 pH resulted in elevated SMR in two cardinalfish species (Ostorhinchus
doederleini and O. cyanosoma). In my experiment, rockfish larvae were exposed to a more
extreme low pH (7.5) than the cardinalfish and yet their metabolic rates were not significantly
affected. Rockfish in the California Current experience shifts in pH due to upwelling (Love et al.,
2002; Bogard et al., 2008; Booth et al., 2012; Hamilton et al., 2017) and are likely more resilient
to these conditions. In contrast, tropical fish species like cardinalfish evolved in an environment
with more stable water chemistry and temperature (Munday et al., 2009) and likely have a
narrower pH and temperature tolerance than California Current species. Although larval
metabolic rates were not affected by low DO or low pH, gopher rockfish larval metabolic rate
was reduced in all treatments by day 5 post-parturition. Blue rockfish larval metabolic rate both
increased and decreased in different broods by day 5 post-parturition. The surface area of larval
blue rockfish oil globules are 345% greater than those of gopher rockfish, so it follows that with
a larger energy reserve they can maintain a higher metabolic rate (Gingerich et al., 2009) than
gopher rockfish larvae at day 5.
Gopher rockfish maternal size and maternal age did not affect metabolic rate on day 1
post-parturition. On day 5 post-parturition, larvae from larger adult rockfish had higher
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metabolic rates, but there were different relationships with size in the different treatments. I
found that larval metabolic rates were higher in larvae from larger mothers in the Control
treatment. I also found a non-significant trend for increased oil globule size, and thus larger lipid
stores, in gopher rockfish larvae from larger mothers (using day 1 measurements). Larvae from
larger rockfish are often provisioned with higher lipid stores (Sogard et al., 2008), which are not
depleted as quickly as they are in larvae with smaller lipid stores (Berkeley et. al, 2004).
Metabolic rate increases with increased feeding (Wallace 1973; Gingerich et al., 2009) so it
follows that increased lipid stores, in larvae from larger maternal rockfish, would result in a
higher larval metabolic rate. The ability of fish larvae to maintain metabolic function throughout
a period of starvation is essential to maintain ATP turnover (Richards 2009) and provide them
energy to find patches of zooplankton to feed on (Hunter 1981). While the trends in my
experiment are not strong, they do suggest that bigger and older gopher rockfish produce larvae
that may be more successful in making it through the vulnerable larval phase.
The mass-specific metabolic rates in my study were estimated using larval weights from
one brood per species (in the Control treatment), which was applied to Pcrit and SMR calculations
for all broods. I did not collect brood specific larval weights to incorporate into SMR and Pcrit
calculations. While there were no significant differences in larval size (length and depth) among
treatments, it is possible that subtle differences in larval size and weight skewed results. In future
research, larvae from every brood should be weighed to ensure precise Pcrit and SMR
measurements.
Hypoxia tolerance
Gopher rockfish and blue rockfish larvae had very similar hypoxia tolerances. In both
species, mean Pcrit ranged from ~12% a.s. (~1.29 mg/L DO) in 4.0 mg/L DO maternal treatments
to ~21% a.s. (~2.25 mg/L DO) in ambient oxygen treatments. However, neither maternal nor
larval exposure to low oxygen improves hypoxia tolerance in blue rockfish larvae or gopher
rockfish larvae. In gopher rockfish larvae, mean Pcrit increased by 9 – 13% a.s. in low oxygen
treatments from day 1 to day 5 post-parturition, indicating an inability of larvae to maintain
hypoxia tolerance over time. The average survivorship (days to 50% mortality) for gopher
rockfish was 6 days, so at day 5 post-parturition many larvae were deteriorating in health and
near death. Their poor health condition may have prevented them from tolerating the hypoxia
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stress. The average survivorship for blue rockfish was 7 days, so at day 5 post-parturition they
were in slightly better condition than gopher rockfish larvae, and mean Pcrit only increased by 6%
in the low oxygen treatment.
Larval fish rely on cutaneous respiration (Rombough 1988) and may not be able to make
the respiratory adjustments to low oxygen (i.e., increased ventilations) that allow many juvenile
and adult fish to acclimate to low oxygen (Saint-Paul 1984; Hopkins and Powell 2001; Mattiasen
et al., 2020). Juvenile copper rockfish experience a significant reduction of mean Pcrit values in
4.1 mg/L DO treatments, while juvenile blue rockfish do not experience a significant reduction
in Pcrit in 4.1 mg/L. It was not until the 2.2 mg/L DO treatment that the juvenile blue rockfish
experienced a ~40% increase in hypoxia tolerance (Mattiasen et al., 2020). Juvenile rockfishes
appear more physiologically capable of acclimating to low oxygen than larval rockfishes,
however it remains unknown how larval rockfish respond to oxygen levels lower than 4.0 mg/L.
As oxygen levels in the kelp forests of Monterey Bay dip down to 2.0 mg/L for an average of 1.5
hrs/day during upwelling season (Booth et al., 2012), it is important for future research to focus
on how larval rockfish respond to more extreme low oxygen.
Size of maternal rockfish plays a significant role in determining hypoxia tolerance in
larvae, with bigger gopher rockfish producing more hypoxia tolerant larvae. Maternal effects, or
the non-genetic contribution of a female to her offspring, have been extensively documented in
fishes, including rockfishes (Berkeley et al., 2004; Green 2008; Sogard et al., 2008). In my study,
bigger gopher rockfish appear to increase the fitness of their offspring by producing more
hypoxia tolerant larvae. Increases in O2 extraction, O2 transport, or O2 delivery are required to
increase hypoxia tolerance (Richards 2009). Fishes are documented effectively responding to
hypoxia by modifying blood hemoglobin (Hb) content and increasing Hb-O2 binding (Richards
2009). More research is needed to understand if larval rockfish from bigger mothers have higher
blood Hb content and higher Hb-O2 binding capacity.
Conclusion
These experiments indicate that gopher rockfish are not impacted by gestating in 4.0
mg/L DO, 7.5 pH, or combined (7.5 pH x 4.0 mg/L DO) treatments. Larval gopher rockfish and
larval blue rockfish are not impacted by direct larval exposure to these climate change stressors.
Blue rockfish are minimally impacted by gestating in the same climate change stressors, with
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combined treatment (7.5 pH x 4.0 mg/L DO) resulting in a reduction in larval eye size. Central
California kelp forests, where these rockfish species reside, experience intense natural upwelling
and fluctuations in pH and DO. Adult rockfish may be able to successfully regulate their internal
chemistry in these conditions, providing an ideal environment for embryos to develop in. More
research is needed on the internal chemistry of gestating rockfish in low pH and low DO to test
this theory. Upwelling regularly occurs during the reproductive season of gopher rockfish, so it is
likely that gestating females have adapted to developing their broods in low pH and low oxygen
conditions. There is less overlap of blue rockfish reproductive season and upwelling season, and
blue rockfish showed signs that they were not as well adapted to gestating in these conditions.
However, the sample size of blue rockfish was small, with only 2 adult rockfish per treatment,
and future research should include a higher sample size to get a more diverse representation of
climate change effects on blue rockfish.
While on average gopher rockfish were not impacted by low pH, low DO or combined
treatments, there was high variation in treatment impacts among broods. Two out of nine gopher
rockfish experienced high deformity rates and low fecundities in treatments with low oxygen
(4.0 mg/L DO and combined). Two out of nine gopher rockfish released premature broods in
treatments with low oxygen. The other five gopher rockfish had successful parturitions and
experienced no impacts of low oxygen. The sample size for my experiments was small, with
only 3-5 gopher rockfish per treatment, making it difficult to detect significant trends. Future
research should include a higher sample size of adult rockfish in each treatment to better
understand how climate change stressors impacts rockfish reproduction. My research suggests
that 4.0 mg/L DO is on the edge of what gopher rockfish can tolerate. While most gopher
rockfish successfully developed broods in the low oxygen treatments, several fish showed signs
of sensitivity. Additionally, it is unknown how gestating rockfish and rockfish larvae will
respond to the extreme low oxygen (hypoxia = < 2.0 mg/L DO) that is projected to become more
common in the California Current coastal habitat as climate change progresses. More research is
needed on rockfish reproduction in 4.0 mg/L, 3.0 mg/L, 2.0 mg/L, and 1 mg/L to understand the
point at which rockfish can no longer successfully reproduce or develop in low oxygen.
Interestingly, neither species was impacted by low pH in any trials, suggesting that blue rockfish
and gopher rockfish can successfully reproduce in acidic conditions (7.5 pH), and low oxygen is
more of a threat than low pH to rockfish reproduction. Additionally, there were also no impacts
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of post-parturition exposure to low pH (7.5), low DO (4.0 mg/L), or combined (7.5 pH x 4.0
mg/L DO) treatments for either species, indicating remarkable larval resiliency to climate change
stressors. Larvae from both species were physiologically resilient to climate change stressors and
were able to successfully regulate their metabolic rates and tolerate hypoxia by oxyregulating in
very low oxygen conditions. My research indicates that larval blue rockfish and gopher rockfish
are tolerant to moderate upwelling conditions and are likely more resilient to climate change
stressors than other species who do not regularly experience natural fluctuations in ocean
chemistry. In addition to larval resiliency in blue rockfish, the juvenile life stage also showed
resiliency to low pH and low DO environments (Hamilton et al., 2017, Cline et al., 2020,
Mattiasen et al., 2020)
Additional studies on a wider size and age range of rockfish would help elucidate how
maternal effects interact with low oxygen and ocean acidification. My research indicates that
older gopher rockfish released larvae with longer notochords; this may enable larvae to swim
faster to find food, evade predators, and experience higher growth to survive the high mortality
larval phase. My research also indicates that larger gopher rockfish produce larger fecundities,
but do not produce larger weight-specific fecundities. There were no effects of maternal size on
percent deformity or fecundity; however, two out of four small (< 260 mm) adult gopher rockfish
experienced high percent deformity (< 35%) and low fecundities (< 50,000 larvae) in low
oxygen treatments. Future research should investigate the effect of climate change stressors on a
wider size range of adult rockfish, including a higher sample size of fish that are < 260 mm fork
length, to understand if smaller mature rockfish are being disproportionately affected by climate
change.

POLICY
This project enhances our understanding of climate change and its impacts on reproduction
of commercially important rockfish species in the California Current. I will report to the NOAA
National Marine Fisheries Service on the reproductive success of gopher rockfish in 7.5 pH and
4.0 mg/L DO conditions. A higher sample size is required before communicating results on how
these stressors impact blue rockfish reproduction. It is important to report on species that are
sensitive to climate change and those that are resilient to climate change, to enable fisheries
managers to make the most informed management decisions. NOAA fisheries produces stock
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assessments, where they estimate the health and size of fish stocks and project sustainable
harvest levels. Effects of climate change on fish reproduction should be incorporated into these
health assessments, and harvest levels should be adjusted if fishes show sensitivity to climate
change. Gopher rockfish reproduction was not affected by climate change stressors, and so their
harvest levels do not need to be adjusted. Additional research is needed on climate change
impacts on other economically and ecologically important fishes, including other rockfish
species. Understanding how different fish species respond to climate change will enable NOAA
fisheries to develop species specific protections and manage fish stocks most effectively.
The coastal shelf of California is vulnerable to degradation as hypoxia, ocean acidification
and upwelling progress with climate change. If extreme low oxygen and low pH become
common, this area could be designated as “Habitat Area of Particular Concern” (HAPC) to
provide additional conservation. If stocks are projected to be depleted, then Rockfish
Conservation Areas (RCA) can be established to prevent incidental catch of these species.
Essential Fish Habitat Conservation Areas (EFH) can also be established to protect areas that are
necessary for fish reproduction, feeding, and growth to maturity. These many different
conservation measures provide opportunities to protect depleted fish stocks and mitigate
potential effects of climate change.
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TABLES
Table 1. Gopher rockfish experiments in 2017 and 2018. I ran experiments on larvae from n =
18 adult rockfish, with 4 Control fish, 5 low pH fish, 4 low DO fish, and 5 cross (low pH x low
DO) fish. Premature broods (Female ID: G100* and G80*) were excluded from morphometric,
survival, and respirometry analysis.
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Table 2. Blue rockfish experiments in 2018. I ran experiments on larvae from n = 8 maternal
rockfish, with 2 Control fish, 3 low pH fish, 1 low DO fish, and 2 cross (low pH x low DO) fish.
Female ID: TB218 was the only fish in the low DO treatment and was included in my figures but
removed from statistical analyses due to lack of replication.
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Table 3. LMM results from gopher rockfish live deformity, preserved deformity, and fecundity
data. It also includes results from blue rockfish live deformity data. The random factor in all
analyses was female ID and the fixed factor in all analyses was maternal treatment. The # of
observations represents the number of samples processed for each trial.
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Table 4. LMMs results from gopher rockfish and blue rockfish morphological measurements. It
also includes LMM results for gopher rockfish and blue rockfish PC1 and PC2 scores from the
PCAs performed on morphological measurements. The random factor in all analyses was female
ID and the fixed factor in all analyses was maternal treatment

.
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Table 5. Table 1. LMM results from gopher rockfish and blue rockfish metabolic rate (SMR)
and hypoxia tolerance (Pcrit) data from both day 1 and day 5 post-parturition. The random factor
in all analyses was female ID and the fixed factor in all analyses was maternal treatment. Larval
treatment was an additional fixed factor in the day 5 analyses.
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FIGURES

Figure 1. Rockfish collections. (A) Fishing trips took place aboard the Chubasco and other
fishing charters between Monterey and Cypress Point, CA. (B) Kristin Saksa using hook-andline to collect rockfishes. (C) Neosha Kashef, UCSC staff research associate, performing a
catheterization on a female gopher rockfish to assess the developmental stage of the eggs. (D)
Rachel Brooks and Laurel Lam, MLML alumni, with two blue rockfish on the line. (E) Kristin
Saksa placing a gopher rockfish in a portable recompression chamber to reduce the effects of
barotrauma
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Figure 2. NOAA Southwest Fisheries Science Center (SWFSC) Aquarium set-up. (A) Gopher
rockfish were transferred to the SWFSC aquarium in coolers with bubblers to oxygenate tank.
(B) Adult rockfish were place in 150-gallon tanks (white tanks in background). Larvae were
placed in one-gallon buckets (blue) for survival trials and in 5-gallon buckets (black) for
respirometry trials. (C) SWFSC aquarium set up shows header tanks with various pH and DO
levels controlled by Witrox and CapCTRL computer programs
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Figure 3. Adult tanks held adult female rockfish who went through the entire course of gestation
in one of four treatments, (1) Control (ambient pH=~8.00 x ambient DO=~9.00 mg/L), (2) low
pH (7.5 pH x ambient DO), (3) low DO (ambient pH x 4.0 mg/L DO), and (4) combined (7.5 pH
x 4.0 mg/L DO). Larval tanks held larval rockfish at the same four treatments described above.
Larvae were held in these tanks for the duration of the larval experimental trials (5 to 12 days).
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Figure 4. Parturition days. (A) Adult rockfish tanks on the morning of a parturition, filled with
larval rockfish and (B) close-up image of larval rockfish on a parturition day.

Figure 5. Total fecundity and preserved deformity quantification. (A) Sebastian Martinez,
CSUMB intern, uses the plankton splitter to divide fecundity samples. (B) Kristin Saksa uses the
dissecting scope to identify and count larval deformities in preserved samples.
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Figure 6. Live deformity quantification. (A) Image of normal rockfish larvae on a parturition
day through the dissecting scope lens. (B) Deformed larva exhibit signs of spinal, eye, and jaw
deformities. (C) This runt has an enlarged body cavity, tiny eye, and short notochord. (D)
Deformed larva displaying eye and spine deformities. (E) This larva was deformed in all
categories yet still had a heartbeat.

Figure 7. Photograph of larval blue rockfish marked with morphometric measurements. Image J
was used to measure the larval depth (1), surface area of the eye (2,3), surface area of the oil
globule (4,5), and notochord length (6,7)
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Figure 8. Respirometry trials. (A) Kristin Saksa using the closed-system microplate respirometry
(PreSens software) to quantify the metabolic rate and hypoxia tolerance of larval rockfishes. (B)
Three larval gopher rockfish shown inside each well.
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Figure 9. Gopher rockfish fecundity quantification with n = 3-5 adult rockfish per treatment.
These samples were pooled from experiments conducted in 2017 and 2018. The colors indicate
the different maternal treatments that female fish experienced during gestation (see legend in
panel B). For bar plots, bars are means ± 1 SE. In scatter plots, the solid trendline indicates a
significant relationship (p < 0.05), while the dashed trendline indicates a non-significant
relationship (p > 0.05). (A) Bar plot shows effects of maternal stressors on average fecundity, or
average number of larvae released per treatment. (B) Scatter plot shows the effect of female size
and treatment on fecundity. (C) Bar plots show effects of maternal stressors on average weight
specific fecundity (larvae g-1). (D) Scatter plot shows the effect of female size (fork length in
mm) and treatment on weight specific fecundity (larvae g-1).
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Figure 10. Gopher rockfish deformity quantification with n = 3-5 adult rockfish per treatment.
These samples were pooled from experiments conducted in 2017 and 2018. The colors indicate
the different maternal treatments that female fish experienced during gestation (see legend in
panel B). For bar plots bars are means ± 1 SE. In scatter plots, the dashed trendline indicates a
non-significant relationship (p > 0.05). (A) Average percent deformity from preserved samples
of each brood. (B) Effects of maternal adult size on the percent deformity from preserved
samples. (C) Bar plots show the average percent deformity using live larval samples. (D) Effects
of maternal length on the percent deformity from live larval samples.
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Effect of low pH and low DO maternal treatments on Gopher Rockfish larval morphometrics
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Figure 11. Principal Component Analysis (PCA) on gopher rockfish larval traits on the day of
parturition as a function of the maternal stressor treatment (n ~50 larvae per treatment). PC axis
1 explains 42% of the variation with positive loadings corresponding to slightly larger oil
globules and negative loadings corresponding to larger body size and eye size. PC axis 2
explains 23% of the variation with positive loadings corresponding to oil globule size and body
depth and negative loadings corresponding with eye size. The colors indicate the different
maternal treatments that female fish experienced during gestation (see legend). These samples
were pooled from experiments conducted in 2017 and 2018.
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Figure 12. Gopher rockfish morphometric measurements on 15 live, non-deformed larvae per
female on the day of parturition. n = 3-5 adult rockfish per treatment. These samples were pooled
from experiments conducted in 2017 and 2018. The colors indicate the different maternal
treatments that female fish experienced during gestation. Bars are means ± 1 SE. Bar plots show
the effects of maternal stressors on larval morphometrics for (A) notochord length, (B) larval
depth, (C) surface area of the eye, and (D) surface area of the oil globule
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Figure 13. Gopher rockfish morphometric measurements as a function of maternal length and
treatment (n=15 live, non-deformed larvae per female on the day of parturition, n = 3-5 adult
rockfish per treatment). The colors indicate the different maternal treatments that maternal
rockfish experienced during gestation (see legend in panel A). The dashed trendline indicates a
non-significant relationship (p > 0.05). These samples were pooled from experiments conducted
in 2017 and 2018. Effects of maternal length on larval (A) notochord length (mm), (B) depth
(mm), (C) surface area of eye (mm2), and (D) surface area of oil (mm2).
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Figure 14. Gopher rockfish morphometric measurements as a function of maternal age and
treatment (n=15 live, non-deformed larvae per female on the day of parturition, n = 2-5 females
per treatment). The colors indicate the different maternal treatments that maternal rockfish
experienced during gestation (see legend in panel A). The solid trendline indicates a significant
relationship (p < 0.05), while the dashed trendline indicates a non-significant relationship (p >
0.05). Trendlines for individual treatments will only be present if the interaction between
maternal length and treatment is significant (p < 0.05). Effects of maternal age on larval (A)
notochord length (mm), (B) depth (mm), (C) surface area of eye (mm2), and (D) surface area of
oil (mm2)
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Figure 15. Gopher rockfish starvation resistance trials (n =3-5 adult rockfish per treatment).
These samples were pooled from experiments conducted in 2017 and 2018. In bar plots (A & B),
bars are means ± 1 SE. In scatter plots (C & D), the dashed trendline indicates a non-significant
relationship (p > 0.05). (A) Mean time to 50% mortality in each larval treatment as a function of
the prior maternal treatment exposure (i.e., larvae from each of the four maternal treatments were
transferred to all four treatments following parturition). The colors indicate the different larval
treatments that larval fish were exposed to (see legend on panel A) which are clustered within the
maternal treatments on the x-axis. (B) Mean time to 50% mortality of gopher rockfish larvae
experiencing the same maternal and larval treatment. Scatter plots show the effects of maternal
length and treatment (C) and maternal age and treatment (D) on larval survival of gopher
rockfish larvae experiencing the same maternal and larval treatments. The colors indicate the
different treatments (see legends in panels C & D)
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Figure 16. Gopher rockfish standard metabolic rate (SMR) and hypoxia tolerance (Pcrit) for 2017
and 2018 cohorts combined. Bars are means ± 1 SE. Bar plots show the effect of low pH, low
DO, and combined stressor (cross) on (A) average larval SMR at day 1 post-parturition, (B)
average larval SMR at 5 days post-parturition, (C) the average change in larval SMR between
day 1 and day 5 using rockfish larvae that experienced the same maternal and larval treatment,
(D) Average Pcrit at day 1 post-parturition, (E) average Pcrit at day 5 post-parturition, and (F) The
change in Pcrit between day 1 and day 5 using rockfish larvae that experienced the same maternal
and larval treatment. In panels A and D, the colors represent the different maternal treatments. In
panels C and E, the colors indicate the different larval treatments that larval fish were exposed to
(see legend on panel E) which are clustered within the maternal treatments on the x-axis. In
panels C and F, using rockfish larvae that experienced the same maternal and larval treatment,
the colors indicate the different treatments (see legend in panel F).
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Figure 17. Effect of maternal size, age, and treatment on gopher rockfish larval metabolism
(SMR). For the effect of maternal size, there are n =3-5 adult rockfish per treatment using adult
rockfish from 2017 and 2018 cohorts combined. For the effect of maternal age, there are n =2-4
adult rockfish per treatment using adult rockfish from 2017 and 2018 cohorts combined. Each
point represents the average SMR per brood for gopher rockfish larvae experiencing the same
maternal and larval treatments. The colors indicate the different treatments (see legend in panel
D). The dashed trendline indicates a non-significant relationship (p > 0.05). Scatter plots display
the effect of maternal size (fork length [mm]) and treatment on (A) SMR of larval gopher
rockfish at day 1 post-parturition and (B) at 5 days post-parturition. Trendlines for individual
treatments are present because the interaction between maternal length and treatment is
significant (p < 0.05). Scatter plots display the effect of maternal age (years) and treatment on
(C) larval gopher rockfish SMR at day 1 post-parturition and (D) day 5 post-parturition.

69

Figure 18. Effect of maternal size, age, and treatment on gopher rockfish larval hypoxia
tolerance or Pcrit (% air saturation [% a.s.]) for 2017 and 2018 cohorts combined. For the effect of
maternal size, there are n = 3-5 adult rockfish per treatment. For the effect of maternal age, there
are n = 2-4 adult rockfish per treatment. Each point represents the average SMR per brood for
gopher rockfish larvae experiencing the same maternal and larval treatments. The colors indicate
the different treatments (see legend in panel A). The solid trendline indicates a significant
relationship (p < 0.05), while the dashed trendline indicates a non-significant relationship (p >
0.05). Scatter plots display the effect of maternal size (fork length [mm]) and treatment on (A)
Pcrit of larval gopher rockfish at day 1 post-parturition and (B) at 5 days post-parturition. Scatter
plots display the effect of maternal age (years) and treatment on (C) Pcrit of larval gopher
rockfish at day 1 post-parturition and (D) at 5 days post-parturition.
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Figure 19. Blue rockfish live larval deformity quantification on the day of parturition.
Experiments took place in 2018 with n = 1-3 adult rockfish per treatment. The colors indicate the
different maternal treatments that female fish experienced during gestation (see legend in panel
B). In bar plots, bars are means ± 1 SE. In scatter plots, the dashed trendline indicates a nonsignificant relationship (p > 0.05). (A) Average percent deformity of each brood. (B) Effects of
maternal length and maternal treatment on the percent deformity.
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Effect of low pH and low DO maternal treatments on Blue Rockfish larval morphometrics
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Figure 20. Principal Component Analysis (PCA) on blue rockfish larval traits on the day of
parturition as a function of the maternal stressor treatment (n = 10-20 larvae per treatment).
These experiments were conducted in 2018. The colors indicate the different maternal treatments
that female fish experienced during gestation (see legend). PC axis 1 explains 43.6.4% of the
variation, with positive loadings corresponding to large oil globule size and negative loadings
corresponding to larger length and eye size. PC axis 2 explains 26% of the variation, with
negative loadings corresponding to deeper bodied larvae.
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Figure 21. Blue rockfish morphometric measurements as a function of maternal pH/DO
treatment (n = 15 live, non-deformed larvae per female on the day of parturition, n =1-3 adult
rockfish per treatment). These samples are from experiments run in 2018. The colors indicate the
different maternal treatments that female fish experienced during gestation. Bars are means ± 1
SE. Bar plots show the effects of low pH, low DO, and combined (low pH x low DO) maternal
treatments on larval (A) notochord length (mm), (B) depth (mm), (C) surface area of eye (mm2),
and (D) surface area of oil (mm2).
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Figure 22. Blue rockfish morphometric measurements as a function of maternal length and
pH/DO treatment (n = 15 live, non-deformed larvae per female on the day of parturition, n = 1-3
females per treatment). The colors indicate the different maternal treatments that adult rockfish
experienced during gestation (see legend in panel C). The solid trendline indicates a significant
relationship (p < 0.05), while the dashed trendline indicates a non-significant relationship (p >
0.05). Trendlines for individual treatments will only be present if the interaction between
maternal length and treatment is significant (p < 0.05). Effects of maternal length on larval (A)
notochord length (mm), (B) depth (mm), (C) surface area of eye (mm2), and (D) surface area of
oil (mm2).

74

Figure 23. Blue rockfish starvation resistance trials with n = 1-3 adult rockfish per treatment.
Experiments took place in 2018. In bar plots (A & B), bars are means ± 1 SE. In scatter plot (C),
the dashed trendline indicates a non-significant relationship (p > 0.05). (A) Mean time to 50%
mortality in each larval treatment as a function of the prior maternal treatment exposure. Only
one female gave birth in the low DO treatment and those larvae were only transferred into two
subsequent treatments (Control and low DO). (B) Mean time to 50% mortality of blue rockfish
larvae experiencing the same maternal and larval treatment. (C) Effects of maternal length and
maternal treatment on survival of larvae experiencing the same maternal and larval treatments. In
panel A, the colors indicate the different larval treatments that larval fish were exposed to (see
legend) which are clustered within the maternal treatments on the x-axis. In panels B and C, only
larval survival buckets with the same maternal and subsequent larval treatment are included. The
colors indicate the different treatments (see legend in panel C).
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Figure 24. Blue rockfish standard metabolic rate (SMR) and hypoxia tolerance (Pcrit) with
n = 1-3 adult rockfish per treatment. Bars are means ± 1 SE. Bar plots show the effect of low pH,
low DO, and low pH x low DO on (A) average larval SMR at day 1 post-parturition, (B) average
larval SMR at 5 days post-parturition, and (C) The average change in larval SMR between day 1
and day 5 using rockfish larvae that experienced the same maternal and larval treatment. Bar
plots also show the effect of low pH, low DO, and low pH x low DO stressors on (D) average
Pcrit at day 1 post-parturition, (E) average Pcrit at day 5 post-parturition, and (F) The change in
Pcrit between day 1 and day 5 using rockfish larvae that experienced the same maternal and larval
treatment. In panels A and D, the colors represent the different maternal treatments. In panels C
and E, the colors indicate the different larval treatments that larval fish were exposed to (see
legend on panel E) which are clustered within the maternal treatments on the x-axis. In panels C
and F, the colors indicate the different treatments (see legend in panel F).

76

Figure 25. Effect of maternal size and treatment on larval blue rockfish metabolism (SMR) and
hypoxia tolerance (Pcrit in % air saturation [% a.s.]). n =1- 2 adult rockfish per treatment.
Experiments were run in 2018. Each point represents the average SMR (A & B) or average Pcrit
(C & D) for one brood. The dashed trendline indicates a non-significant relationship (p > 0.05).
Scatter plots display effect of maternal size (fork length [mm]) and treatment on (A) SMR of
larval blue rockfish at day 1 post-parturition and (B) at 5 days post-parturition. Scatter plots
display effect of maternal size (fork length [mm]) and treatment on (C) Pcrit at day 1 postparturition and (D) day 5 post-parturition.
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